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5. INTRODUCTION

The overall goal of the original proposal was to provide a detailed assessment of
the role of oxidative damage in Parkinson's Disease (PD). These studies were previously
completed and a detailed report was filed. We then extended the grant with an
addendum. The grant then was to carry out studies, which would look particularly at
therapeutic agents which have both anti-inflammatory activity as well as antioxidative
activity. We also proposed to determine whether anti-inflammatory drugs exert additive
neuroprotective effects with either creatine or coenzyme Qio (COQlo) against MPTP
neurotoxicity. We have accomplished most of these objectives during the past year. We
have a considerable number of publications as a consequence of these studies.
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6. BODY

We initially carried out studies of the anti-inflammatory compound minocycline.
Minocycline had previously been shown to have beneficial effects against ischemia in
rats as well as against excitotoxic damage in vitro, nigral cell loss induced by 6-hydroxy-
dopamine and in transgenic mouse models of Huntington's Disease (HD) and
amyotrophic lateral sclerosis (ALS). We examined whether minocycline would protect
against the toxic effects of 1 -methyl-4-phenyl- 1,2,3,6-tetrahydropyridine (MPTP), a toxin
that selectively destroys the nigral striatal dopaminergic neurons. It produces clinical
findings similar to those, which occur in PD in both rodent and primates. To our
surprise, we found that minocycline exacerbated MPTP induced damage to dopamine
neurons (Yang et al., 2003). It resulted in a significant decrease in the number of
dopaminergic neurons as well as in dopamine levels. This occurred with a large number
of different dosing paradigms. We found that minocycline did block microglial
activation, yet the damage persisted. Minocycline when administered with MPTP
exacerbated the damage by more than 50%. The number of neurons surviving in the
minoclycline with MPTP treated mice was half of that than those treated with MPTP
alone. We also examined old mice at 8 months of age, yet, even in these mice, we did
not see any neuroprotective effects. We examined these mice since they have a more
robust microglial reaction. We examined the effects of creatine in combination with
minocycline. Creatine alone showed neuroprotection against the loss of dopaminergic
neurons. The combination of creatine with minocycline however, showed no protection.
We examined both, minocycline and tetracycline brain levels before and after MPTP
administration and showed that this led to significant increases in brain concentrations.
Minocycline brain levels were approximately ten-fold greater than those seen with
tetracycline. We examined the effects of minocycline on tritiated dopamine and tritiated
MPP÷ uptake in the vesicular preparations. We found that uptake of tritiated dopamine
into vesicles isolated from the mouse striata was inhibited by the addition of minocycline
in a dose-dependent manner as compared to controls. We, therefore, believe that this
inhibition of MPP÷ uptake into the striatal vesicles may contribute to the neurotoxic
effects of minocycline. These findings are of importance, since minocycline has been
proposed as an agent to test in PD patients.

We also carried out studies in collaboration with Julie Andersen at the Buck
Institute for Age Research (Kaur et al., 2003). There is substantial evidence that there is
increased iron in the substantia nigra of PD patients. It is possible that this increased iron
contributes to cell death. This however, has been controversial. We, therefore, examined
whether transgenic overexpression of the iron binding protein ferritin or oral
administration of the bioavailable metal chelator clioquinol could protect against MPTP
neurotoxicity. We found that reduction reactive iron by either genetic or pharmacologic
means produced excellent protection against MPTP neurotoxicity. This was
demonstrated using both
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dopamine levels as well as cell counts. It, therefore, appears that oxidative stress may be
exacerbated by the accumulation of iron within the substantia nigra.

We examined the effects of rolipram (unpublished data). We carried out two dose
response studies. In the first, we examined the effects of rolipram at 1.25 and 2.5 mg/kg.
We found that there was significant protection at the dose of 1.25 mg/kg. This
approximately doubled the remaining levels of dopamine in the striatum; 2.5 mg also
exerted neuroprotective effects. However, they were less robust than those seen at 1.25
mg. Similarly, in a follow-up experiment, 2.5 mg/kg exerted neuroprotective effects.
However, 5 mg/kg was less efficacious.

We examined whether a cyclooxygenase inhibitor could exert protection in the
MPTP mouse model of PD either alone or in combination with creatine (Klivenyi et al.,
2003). We found that mice treated with 0.005% rofecoxib had significant protection
against dopanmine depletion in the striatum. Similarly, creatine produced a comparable
degree of protection. The combination produced additive significant neuroprotective
effects. This was confirmed with counts of tyrosine hydroxylase neurons in the
substantia nigra.

We also utilized another novel strategy to see if we could protect against MPTP
toxicity. We used a new caspase inhibitor, which is systemically active. A number of
previous caspase inhibitors exerted significant toxicity since they have a
fluoromethyilketone group; zVAD-fmnk is one of these. In the studies which we carried
out, we utilized a new peptidyl broad spectrum caspase inhibitor, Q-VD-OPH (Yang et
al., 2004). It offered significant improvements and potency, stability and toxicity over
zVAD-fmnk. It produced significant protection against MPTP toxicity as assessed both by
dopamine levels and loss of dopaminergic neurons in the substantia nigra. The latter
showed almost complete protection. Western blots performed on the midbrain following
administration of MPTP, showed significant increases in the active forms of caspase-9
and caspase-8, as well as caspase-8-mediated proapoptotic protein Bid. These were
inhibited by administration of Q-VD-OPH. This is the first study to show that systemic
administration of caspase inhibitor can exert neuroprotective effects.

We carried out further studies of the mechanism of creatine neuroprotective
effects against MPTP (Kivenyi e al., 2004). We examined whether it could exert
neuroprotective effect in mice deficient in the ubiquitous mitochondrial creatine kinase.
It has been hypothesized that creatine causes an alteration of this into an octomer which
then inhibits the activity of the mitochondrial permeability transition. We found that the
ubiquitous mitochondrial creatine kinase deficient mice showed increased sensitivity to
MPTP induced dopamine depletion and loss of tyrosine hydroxylase stained neurons.
Isolated mitochondria from these mice however, showed no alterations in any
mitochondrial parameters such as calcium retention, oxygen utilization or membrane
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potential. Creatine administration significantly increased brain concentrations of both
creatine and phosphocreatine in the mitochondrial creatine kinase deficient mice.
Creatine administration also exerted significant neuroprotective effects in these mice
against MPTP. They were comparable in magnitude to those seen in wild-type mice.
These results suggests that the neuroprotective effects of creatine are not mediated by an
effect on the ubiquitous form of mitochondrial creatine kinase to inhibit the
mitochondrial permeability transition and are more likely to be mediated by maintenance
of appropriate ATP/ADP and PCr/Cr levels.

We examined whether matrix metalloprotease-9 (MMP-9) was increased after
administration of MPTP (Lorenzl et al., 2004). We examined this using zymography,
immunohistochemistry and Western blot analysis. We examined this, since MMP-9 can
be activated by oxidative stress. The activity of MMP-9 was upregulated at 3 hours after
MPTP injection in the striatum and 24 hours in the substantia nigra. It remained elevated
in the substantia nigra as compared to controls for up to 7 days after MPTP
administration. In contrast, MMP-9 expression was decreased in the striatum by 72
hours. Immunohistochemistry showed that neurons and microglia were the source of
MMP-9 expression after MPTP administration to mice. We treated the mice with a
hydroxamate-based MMP inhibitor which significantly decreased the dopamine depletion
and loss of tyrosine hydroxylase immunoreactive neurons. This was accompanied by a
decrease in MMP-9 expression as measured by zymography in the substantia nigra.
These findings indicated that MMP-9 is induced after MPTP application of mice and the
pharmacologic inhibition of MMPs protects against MPTP toxicity.

We carried out studies in collaboration with Asa Abeliovich on a new genetic
form of PD, which results in increased sensitivity to oxidative stress (Martinat et al.,
2004). We utilized ES-derived dopaminergic stem cells, which were made deficient in
DJ-1 -using RNAi. These were shown to display increased sensitivity to oxidative stress
and proteosomal inhibition. The accumulation of reactive oxygen species in toxin-treated
DJ-1 deficient cells appear to be initially normal but they were then no longer able to
cope with this leading to apoptotic cell death. The dopaminergic neurons showed
decreased survival and increased sensitivity to oxidative stress induced by hydrogen
peroxide or 6-hydroxydopamine. These findings suggest that the DJ-1 protects against
oxidative damage. This further links oxidative damage to PD pathogenesis.

Lastly, we have carried out studies with a novel antioxidant (Yang et al., 2005).
This is a nitrone azulenyl antioxidant. It is a spin-trapping compound, which can form
stable adducts with free radicals. Previous studies had shown that a number of free
radical scavengers including spin-trapping compounds were protective in animal models
of brain ischemia and neurodegenerative diseases. We administered a new nitrone
antioxidant, stilbazulenyl nitrone (STAZN) with either MPTP or 3-nitropropionic acid
(3-NP). STAZN significantly attenuated MPTP-induced striatal dopamine depletion by
40% and produced a tendency to dose-dependent neuroprotection. It dose-dependently
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protected against loss of tyrosine hydroxylase immunoreactive neurons in the substantia
nigra pars compacta. STAZN reduced striatal lesion volumes caused by 3-NP. It
significantly reduced the lipid peroxidation marker malondialdehyde in the striatum and
cortex after administration of 3-NP. These findings suggest that the development of free
radical spin-traps might be useful for developing novel therapies for treating
neurodegenerative diseases such as PD.

In summary, our studies have provided further evidence for both oxidative
damage and inflammation as playing a critical role in PD pathogenesis. In the present
studies, we examined this predominantly utilizing the MPTP model of PD. We found
that there is increased activation of MMP-9 as well as increased inflammation in the
substantia nigra following the administration of MPTP. Surprisingly, different anti-
inflammatory agents exert different degrees of protection or exacerbation of MPTP. We
have also demonstrated that systemic administration of caspase inhibitors and a novel
free radical spin-trap exert potent or protective effects.
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7. KEY RESEARCH ACCOMPLISHMENTS

1. The finding that minocycline exacerbates MPTP-induced parkinsonism, both in
young and old mice.

2. The finding that minocycline blocks MPTP-induced activation of microglial cells
despite its lack of neuroprotective effects.

3. The finding that the oral iron chelator clioquinol produces significant protection
against neurotoxicity.

4. The finding that rolipram produces dose-dependent neuroprotective effects
against MPTP showing an u-shaped neuroprotective curve.

5. The finding that both creatine and the COX-2 inhibitor rofecoxib exert significant
neuroprotective effects against MPTP when administered alone and additive
neuroprotective effects when administered in combination.

6. The finding for the first time that a novel systemically active caspase inhibitor
significantly attenuates the toxicity of MPTP and also protects against activation
of caspases.

7. The finding that the neuroprotective effects of creatine occur in the absence of
mitochondrial creatine kinase suggesting that they are not mediated by effects on
mitochondrial permeability transition.

8. The finding that MMP-9 is elevated in the substantia nigra following
administration of MPTP and the finding that a matrix metalloprotease inhibitor
can block MPTP toxicity.

9. The finding that DJ-1 is a protective agent against oxidative damage in
dopaminergic neurons derived from ES cells.

10. The finding that a novel azulenyl nitrone antioxidant exerts significant protection
against MPTP neurotoxicity and blocks oxidative damage in the substantia nigra
produced by MPTP.
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9. CONCLUSIONS

We carried out a number of studies examining the effects of therapeutic agents on
both inflammation and oxidative damage in the MPTP model of Parkinson's Disease.
We found that the anti-inflammatory agent minocycline did block activation of microglial
cells, but to our surprise, it exacerbated MPTP neurotoxicity. This is of importance since
this agent has been proposed for clinical trials in PD. Caution should be warranted in
usng minocycline due to our findings. We found that the anti-inflammatory
phosphodiestrase-4 inhibitor rolipram dose-dependent neuroprotective effects against
MPTP. However, the effects were more robust at lower concentrations and there was an
inverted dose response curve. We found that both creatine and a cyclooxygenase-2
inhibitor protect against dopamine depletion induced by MPTP and the two agents
administered together produced additive neuroprotective effects. This is of interest, since
this may lead to clinical trials using combinations of neuroprotective agents in PD.

We showed for the first time that a novel systemically active caspase inhibitor
which has improvements in potency, stability and toxicity, significantly protected against
dopamine depletion in striatum produced by MPTP administration. Furthermore, we
demonstrated that it does indeed prevent activation of caspases and the production of the
proapoptotic protein Bid. This provides the first evidence that therapy with antiapoptotic
agents might have usefulness for the treatment of PD. We also further examined the
mechanism by which creatine exerts its neuroprotective effects. We found that creatine
was still protective in agents in mice deficient in ubiquitous mitochondrial creatine kinase
suggesting that its effects were not mediated by inhibition of the mitochondrial
permeability transition.

We carried out the first studies examining MMP-9 after administration of MPTP.
These were done using both zymography, immunohistochemistry and Western blot
analysis. We found that the activity of MMP-9 was significantly increased and remained
increased in the substantia nigra for up to seven days after MPTP administration. This
appeared to occur in both neurons and microglia. We also found for the first time, that
treatment with an MMP inhibitor significantly protected against dopamine depletion and
loss of tyrosine hydroxylase neurons. We found further evidence linking oxidative
damage to the mechanisms by which deficiency of DJ-1 may lead to autosomal recessive
PD. We found that a depletion of DJ-1 in dopaminergic neurons made these neurons
much more sensitive to oxidative stress. This provides further evidence linking oxidative
damage to PD pathogenesis.

Lastly, we carried out studies with a novel azulenyl nitrone antioxidant. This
agent exerts markedly improved abilities to scavenge free radicals. We found that it was
neuroprotective against MPTP and significantly protected against the increase in
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malondialdehyde produced by 3-NP. This suggests that the development of further novel
antioxidants might be useful for treating PD.

In summary, our studies have provided further evidence linking oxidative damage
to both experimental models of PD as well as human genetic mutations, which cause
autosomal recessive PD. We have also discovered a number of novel therapies, which
may be useful in the treatment of PD. Lastly, we have demonstrated for the first time,
that administration of two agents acting on different pathways can exert additive
neuroprotective effects in a mouse model of PD.
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Genetic or Pharmacological Iron Chelation
Prevents MPTP-Induced Neurotoxicity In Vivo:
A Novel Therapy for Parkinson's Disease

Deepinder Kaur,1,8 Ferda Yantiri,ZS Introduction
Subramanlan Rajagopalan,1 Jyothl Kumar,1

Jun Qin Mo,2 Rapee Boonplueang,2  Iron levels in the substantia nigra (SN), the dopamine-
Veena Viswanath,2 Russell Jacobs,3  containing region of the brain that undergoes selective
Lichuan Yang,4 M. Flint Beal," Dino DiMonte,5  degeneration in Parkinson's disease (PD), have been
Irene Volltaskis,6 Lisa Ellerby,1 Robert A. Cherny, 6  reported to be elevated in patients with the disorder
Ashley I. Bush,6' 7 and Julie K. Andersen1,* (Sofic etal., 1988,1991; Dexteretal., 1987,1989; Youdim
1Buck Institute for Age Research et al., 1993; Gerlach et al., 1994; Yantiri and Andersen,
Novato, California 94945 1999; Griffiths et al., 1999; Andersen, 2001). Accessible
2Division of Neurogerontology ferrous iron (Fe2÷) can react with hydrogen peroxide
Andrus Gerontology Center (H202) produced during oxidative deamination of dopa-
University of Southern California mine to generate hydroxyl radicals (.-OH) that can dam-
Los Angeles, California 90089 age proteins, nucleic acids, and membrane phospho-
3Biological Imaging Center lipids, leading to cellular degeneration (Beal, 1992;

California Institute of Technology Gutteridge, 1992). However, whether the increase in SN

Pasadena, California 91125 iron is a causal factor in the disease or a consequence
" m oitself of neuronal degeneration is controversial (Adams
Weill Medical College of Comell University and Odunze, 1991; Berg et al., 2001; Thompson et al.,
New York, New York 10021 2001). Experiments were therefore undertaken to test
6The Parknson's Institute whether iron is causally involved in cellular degeneration

Sunnyvale, California 94089 associated with toxin-induced parkinsonism by as-
SnDepartment of Pathology sessing whether iron chelation can act to protect against

The University of Melbourne dopaminergic cell loss.
In the first set of experiments, susceptibility of trans-

The Mental Health Research Institute of Victoria genic mice expressing the ferritin heavy subunit (H ferri-
Parkville 3052 tin) within dopaminergic SN neurons to the PD-inducing
Australia neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
"7Laboratory of Oxidation Biology (MPTP) was assessed. Ferritin, the primary nonheme
Genetics and Aging Research Unit iron storage molecule in the body, can sequester up
Department of Psychiatry to 4500 atoms of ferric (Fell) iron as an oxyhydroxide
Harvard Medical School (Harrison and Arosio, 1996). Ferritin is believed to keep
Massachusetts General Hospital iron in a nonreactive form where it cannot promote redox
Charlestown, Massachusetts 02129 reactions and therefore could be a key component for

protecting tissues against iron-catalyzed oxidative dam-
age (Jellinger, 1999). The ferroxidase activity of H ferritin
converts harmful labile ferrous iron to less soluble, unre-

Summary active ferric iron, while the light subunit (L ferritin)
stablizes the ferritin-iron complex, promoting long-term

Studies on postmortem brains from Parkinson's pa- Iron storage (Harrison and Arosio, 1996; Rucker et al.,
tients reveal elevated iron in the substantia nigra (SN). 1996). In the second set of experiments, mice were orally
Selective cell death in this brain region is associated pretreated for 8 weeks with the antibiotic 5-chloro-7-
with oxidative stress, which may be exacerbated by iodo-8-hydroxyquinoline (clioquinol or CQ) and as-

the presence of excess iron. Whether iron plays a sessed for the ability of the compound to protect against

causative role in cell death, however, is controversial. MPTP-induced toxicity. Another antibiotic compound,
Here, we explore the effects of iron chelation via either minocycline, has previously been demonstrated to pro-
Hraewe exporestheseffes of teIron chbaiondving p einter tect against MPTP toxicity, likely due to its ability to
transgenic expression of the iron binding protein fer- decrease nitric oxide-mediated apoptosis (Du et al.,
ritin or oral administration of the bioavailable metal 2001). CQ's mechanism of action, however, is likely dif-
chelator clioquinol (CQ) on susceptibility to the Parkin- ferent. It has been shown to chelate both ferrous and
son's-inducing agent 1-methyl-4-phenyl-1,2,3,6-tetra- ferric iron (Kidani et al., 1974) and to decrease brain
pyridine (MPTP). Reduction in reactive iron by either iron levels in normal mice (Yassin et al., 2000). Its oral
genetic or pharmacological means was found to be administration was reported to inhibit R-amyloid accu-
well tolerated in animals In our studies and to result mulation in an Alzheimer's disease (AD) transgenic
In protection against the toxin, suggesting that iron mouse model via its actions as a metal chelator (Huang
chelation may be an effective therapy for prevention et al., 1999; Bush, 2000; Chemy et al., 2001). In addition,
and treatment of the disease. in a recently reported small two-year double-blind hu-

man phase II clinical trial, it has been reported to be
well tolerated in patients and to delay the course of the

*Correspondence: jandersen@bucklnstitute.org disease by 9 months (Masters, 2002). Neither ferritin
'These authors contributed equally to this work. expression nor oral CO treatment appear to elicit any
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Figure 1. Creation of pTH-Ferrntin Transgentcs

(A) Schematic of pTH-ferritin construct used for creation of ferritin transgenics and Xba I-EcoRI probe used for Southern analysis. Abbreviations:
pTH, 4.8 kb 5' rat tyrosine hydroxylase promoter region; human ferritin H-chain, human ferrtin heavy chain 2.6 kb genomic fragment; SV40/
poly A, 900 bp 3' large T antigen SV40 splice/polyadenylation sequences; probe, NP-labeled Xba I/EcoRI cDNA fragment of ferritin H-chain.
(B) Representative Southern blot analysis of genomic tail DNA isolated from pTH-ferritin founders. Lanes 1 and 2, transgenics; lanes 3-5,
nontransgenics; lane 6, 2.6 kb Xba I/EcoRI ferritin probe.
(C) Representative Western blot using monoclonal antibody directed against human H ferritin. Abbreviations: Tg, ferritin transgenic; wt, wild-
type littermate. Arrow shows expected position of the 21 kDa human ferritin H-chain protein.
(D) Expression of human femitin protein product in dopaminergic SN neurons verified by representative double immunocytochemistry (ICC)
using H ferritin and TH antibodies. Images 1-3, ICC with monoclonal antibody against human H ferritin (hFh dilution, 1:500); Images 4-6, ICC
with TH antibody (dilution, 1:500). 1 and 4, lox magnification; 2, 3, 5 and 6, 20x magnification.

apparent adverse general health or behavioral effects, SN of resulting lines was verified by both Western blot
unlike chelators currently used as therapy for iron over- analysis (Figure 1C) and immunocytochemistry (ICC;
load conditions, which can have severe side effects Figure 1 D, 1-3). No changes were observed in endoge-
(Porter and Huehns, 1989; Marciani et at., 1991). Results nous ferritin levels in these animals (data not shown).
from our studies demonstrate that such in vivo iron che- Double labeling of H ferritin-expressing cells with tyro-
lation protects mice against the toxic effects of the par- sine hydroxylase (TH) antibody demonstrated that the
kinsonlan-Inducing agent MPTP and suggest that this transgenlc ferritin protein is localized within dopaminer-
may be a novel avenue of therapy for the disease. gic SN neurons (Figure 1 D, 4-6). Adult ferritin trans-

genics exhibited no overt phenotype, reproduced nor-
Results mally, and displayed no gross alterations in brain size

or anatomical features in histologically stained brain
Transgenic ferritin lines were generated by injection of sections (data not shown).
an 8.3 kb DNA fragment into fertilized mouse embryos Increased iron binding to ferritin would be expected
containing the rat tyrosine hydroxylase promoter (pTH) to result in increased conversion of ferrous to ferric Iron
driving expression of the human H ferritin gene (Figure as it enters the ferritin core and is oxidized to ferrihydrite.
1A). Human ferritin binds iron more tightly than the Ferric iron's paramagnetic characteristics allow for its
mouse isoforms, making it a superior iron chelating visualization by high-field magnetic resonance imaging
agent, and monoclonal antibodies are also available that (MRI); the signal is intensified when iron is bound to
are specific to the human protein (Rucker et al., 1996). ferritin and thereby can be used as a measure of ferritin
In order to prevent Iron-induced downregulation of bound iron (Gilissen et al., 1998; Griffiths et al., 1999).
transgenic ferritin RNA translation, the 5' noncoding re- MRI was performed on brains from ferritin transgenics
glon of the gene containing an iron-response element versus nontransgenic littermates and the signal intensity
(IRE) was excluded from the construct (Caughman et quantified using frontal cortex as an internal control. A
al., 1988). 33.7% ± 8.5% increase in signal Intensity was observed

Integration of the pTH-ferritin transgene in founder in transgenic animals versus wild-type controls (Figure
animals was verified by Southern blot analysis (Figure 2A; n = 4 animals per parameter, p < 0.01). Conversely,
1 B). Expression of the human H ferritin protein in the bioavailable SN ferrous iron levels were found to be
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SFigure 2. Levels and Localization of Ferric/
Ferrous Iron in the SN of pTH-Ferritln Trans-
genics versus Wild-Type Littermates
(A) Representative MRI analysis of brains
from ferritin transgenics versus wild-type ani-
mals demonstrating levels of ferritin bound
feric Iron; n = 4 for each group. Abbrevia-
tions: SN, substantla nigra; wt, wild-type; Tg,

\ -J transgenic.
(B) Bioavailable SN ferrous Iron levels, n = 5

Wt Tg for each group. *p < 0.01 versus wild-type.
(C) Localization of SN ferric iron within dopa-

B 5minerglc neurons in the ferritin transgenlcs
as verified by double staining of Peuls-posi-

"4 tive SN cells with TH antibody. 1, 4x magnifi-
cation of Peas staining In a representative

3 section of the SN region of a ferritin trans-Z genic mouse; 2, 10X magnification of boxed
region in panel 1 highlighting position of a

I •TH t dopaminergic SN neuron in this brain
area (arrow); 3, Peas staining of the dopamin-

0 ergic neuron highlighted in panel 2; 4, 40X
Wt Tg magnification of the dopaminergic neuron

shown in panel 2 demonstrating TH positivity.

decreased by 22% _ 9.8% in the ferritin transgenic SN and Langston, 1989; Chiueh and Rauhala, 1998). Ani-
(Figure 2B; wt = 3.8 ± 0.20 tkg/g SN tissue, Tg = 2.7 + mals treated with MPTP exhibit several of the major
0.13 t~g/g SN tissue, n = 4 animals per parameter, *p < hallmarks of PD, including a substantial decrease In
0.01), presumably due to its conversion to ferric during numbers of dopaminergic SN neurons. The damaging
oxidation and storage in ferritin. To assess whether the effect of MPTP administration also mirrors the disease
increased ferric iron colocalized with dopaminergic SN in that oxidative stress appears to play a major role in
neurons, Perls staining was performed in conjunction ensuing neurodegeneration (Yong et al., 1986; Cassarino
with immunocytochemistry using an antibody specific et al., 1999), including a decrease in glutathione (GSH)
for TH (Figure 2C). Perls staining revealed that, in agree- levels, as has been reported to occur early in the course
ment with previous reports (Benkovic and Connor, 1993; of PD (Perry et al., 1982; Sian et al., 1994; Hung and
Connor et al., 1994; Cheepsunthom et al., 1998), ferric Lee, 1998; Desole et al., 1993; Lan and Jiang, 1997).
iron is predominantly localized within SN cells with the Both MPTP-induced increases in reactive oxygen spe-
appearance of oligodendrocytes in wild-type animals cies (ROS) and decreases In GSH levels were both found
(data not shown). The numbers of ferric iron-positive to be prevented in the ferritin transgenics (Figures 3A
cells were increased in the transgenic SN and were and 36). Acute MPTP administration (4 X 20 mg/kg body
found to be localized within cell bodies and neuritic weight, every 2 hr) resulted in a 56% ± 4% increase in
processes of TH-positive SN cells (Figure 2C). Estima- ROS levels in wild-type SN (n = 6 animals, *p < 0.01),
tion of numbers of Perls-positive SN cells demonstrated while no significant change was detected in transgenic
a 22.4% ± 4.7% increase in the transgenic animals (p < animals (95% ± 4.0%, n = 8 animals, **p > 0.05). A
0.01); these cells displayed the correct size, morphology, 2.4% ± 0.3% decrease in SN GSH was observed at 2
and TH-positive expression of dopaminergic neurons. hr and a 10.0% ± 0.05% at 8 hr, respectively, after the

Systemic administration of the neurotoxin MPTP pro- final MPTP injection in wild-type mice (n = 6, *p < 0.01),
duces aclinical syndrome strikingly similarto PD (Tetrud while no significant change was observed in the ferritin
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Figure 3. Effects of Acute MPTP Administration on Levels of Oxidative Stress, Dopaminergic SN Neuronal Cell Number and Striatal (ST)
Dopamlne and Its Metabolites in pTH-Ferritin Transgenics versus Wild-Type Littermates
(A) Percentage change in ROS levels In SN tissue 8 hr following acute MPTP administration, *p < 0.01, untreated versus MPTP-treated wt;
•p > 0.05, MPTP-treated Tg versus wt.
(B) Percentage change in GSH levels in SN tissue 2 hr and 8 hr following acute MPTP administration, *p < 0.01, untreated versus MPTP-
treated wt at 2 and 8 hr, -p > 0.05, MPTP-treated Tg versus wt at 2 and 8 hr.
(C) TH' SN cell counts from transgenics versus nontransgenlcs 7 days following acute MPTP administration, *p < 0.01, MPTP-treated versus
untreated wt; -p > 0.05; untreated and MPTP-treated Tg versus MPTP-treated wt.
(D) ST DA, DOPAC, and HVA content in ferritin transgenlc versus wild-type littermates 7 days following acute MPTP, *p < 0.01, untreated
versus MPTP-treated wt; -p > 0.05, MPTP-treated Tg versus wt.

transgenics (+1.0% ± 0.5% at 2 hr and +0.5% ± 0.3% To test whether pharmacological iron chelation using
at 8 hr, respectively, n = 8, **p > 0.05). a reported well-tolerated bioavallable reagent would

To assess the effects of ferditin expression on acute have similar protective effects afforded by transgenic
MPTP-induced dopaminergic SN cell loss, stereological expression of an iron-chelating molecule, we examined
TH+ cell counts were performed. THI+ cell numbers In the effects of the metal-chelating agent CQ on suscepti-
the nontransgenic SN were found to decrease by ap- bility to acute MPTP administration. Total SN iron levels
proximately 30% ± 5.2% following acute MPTP admin- were found to be reduced approximately 30% in the
istration (Figure 3C; 10,900 ± 800, saline-treated; CO-fed versus saline-fed animals (Figures 4A and 4B),
7,000 ± 500, MPTP-treated, n = 5, *p < 0.01). In contrast, well within the reported nontoxic range (Yassin et al.,
no decrease was noted following acute MPTP adminis- 2000). As with the ferritin transgenics, MPTP-mediated
tration in the ferritin transgenics (11,100 ± 600, saline- increases in SN oxidative stress and decreases in SN
treated; 10,500 ± 700, MPTP-treated, n = 7, "p > 0.05). GSH were found to be significantly attenuated following
To confirm the protection against TH÷ SN cell loss in the CO pretreatment (Figures 5A-5C). A 20% ± 3% increase
ferritin transgenic following acute MPTP administration, in levels of 4-hydroxynonenol (4-HNE)-protein conju-
levels of striatal dopamine (DA) and its metabolites 3,4- gates, a 15% ± 2% increase in protein carbonyl levels,
dihydroxyphenylacetic acid (DOPAC) and homovanillic and a 18% ± 3% decrease in GSH were observed in
acid (HVA) were measured. Wild-type animals displayed control SN 24 hr following MPTP injection (n = 5 animals
significant depletion of DA, DOPAC, and HVA commen- per assay, *p < 0.01). However, no significant changes
surate with decreased numbers of TH÷ SN neurons (Fig- in any of these indices of oxidative stress were found
ure 3D; DA, DOPAC, HVA = 100 ± 3.0, 9.0 ± 0.5, 10.0 ± in the CO-pretreated animals (n = 6 animals, **p > 0.05
0.8 ng/mg protein in saline-treated and 20.0 ± 0.6, 2.0 ± versus wt). To assess the affects of CQ pretreatment
0.4, 5.0 ± 0.6 ng/mg protein in MPTP-treated, n = 4, on MPTP-induced dopaminergic SN cell loss, measure-
*p < 0.01). These losses were attenuated in the ferritin ments of both striatal dopamine levels and stereological
transgenics (DA, DOPAC, HVA = 105 ± 3.0, 10.0 ± 0.54, TH÷ cell numbers were performed following acute treat-
10.5 ± 0.6 ng/mg protein in saline-treated and 95.0 ± ment with MPTP (Figures 5D and SE). While reductions
0.8, 7.0 ± 1.0, 9.0 ± 0.7 ng/mg protein in MPTP-treated, in striatal dopamine levels in untreated controls were
n = 5, **p > 0.05 compared to wt). The protective effects approximately 80% (121.8 ± 25.6 versus 21.4 ± 4.5
of the fernitin transgene could not be explained by de- mg/g striatal tissue, *p < 0.01 versus untreated control),
creased conversion of MPTP to MPP÷ following acute this loss was only 41% in animals pretreated with CO
administration (transgenic = 143.04 ± 18.02 ng/mg pro- (147.2 ± 10.6 versus 60.5 ± 8.8 mg/g striatal tissue,
tein MPP+, wild-type = 109.77 ± 22.03 ng/mg protein **p < 0.01 versus Veh/MPTP). No significant difference
MPP+, n = 4, p > 0.05). in striatal dopamine levels was observed between saline
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A 14- induced loss in motor activity was significantly attenu-
ated by either transgenic ferritin expression (Figure 6A,

fb 1230.86% t 2.19% decrease in wt; 19.71 % t 1.61 % de-
•10 1 crease In transgenic versus untreated control, n = 4,

8 p < 0.01) or CQ pretreatment (Figure 6B, 36.43% ±
11.7% decrease in vehicle-fed/acute MPTP; 13.55% ±
2.6% decrease in CO-fed/acute MPTP versus untreated

2control, n = 4, p < 0.01) by 24 hr following the last MPTP
0- dose. In addition, CO was also found to be protectiveVeh CQ 96 hr following the chronic MPTP treatment regime (Fig-

B 6o70 -aure 6C, 24.95% ± 5.97% decrease, vehicle-fed/chronic
MPTP; 10.27% ± 3.10% decrease, CO-fed/chronic

60- SOMPTP, n = 4, p < 0.01).
so-

230 Discussion
320
2 0- MPTP-induced neurotoxicity has proven in the past to
10 be an invaluable tool for testing drug therapy in experi-

Veh CQ mental parkinsonism as a model for PD (Sedelis et al.,
2001; Beal, 2001). MPTP reproduces virtually all symp-

Figure 4. Effects of CQ Pretreatment on Total SN Iron Content toms of the disease, Including inhibition of mitochondrial

(A) Total SN iron content (tIg/mg tissue wet weight) measured via mass complex I activity, decreased GSH and increased oxida-
spectrometry of vehicle (Veh) versus CO-fed animals, *p < 0.01. tive stress levels in the SN, relatively selective neurode-
(B) SN iron levels measured via MRI In Veh versus CO-fed animals, generation of the dopaminergic nigrostriatal system,
*•p < 0.01. striatal dopamine depletion, and motor control deficits,

all of which can be reversed by dopamine substitution
therapy, the classic PD drug treatment. Its effects were

versus CO-fed animals in the absence of MPTP treat- indeed originally discovered in humans as a conse-
ment, suggesting that CQ pretreatment alone has no quence of inadvertent injection that resulted in an acute
effect (Figure 5D). While SN TH÷ cell numbers in un- parkinsonism. MPTP does notperfectly model the disor-
treated animals were decreased by 46% following acute der, particularly in terms of the acute nature of onset
MPTP administration (15,346 ± 1,471, saline-treated; using this drug and the absence of inclusion bodies in
8,336 ± 1,093, MPTP-treated, n = 5, *p < 0.01), only a rodents (Betarbet et al., 2002). However, an animal
25% decrease was noted in the CO-fed animals model does not need to recapitulate every feature of the
(11,462 + 915, n = 5, "p < 0.01 versus MPTP-treated disease in order to be useful in evaluating the potential
controls). As with transgenic ferritin expression, the pro- therapeutic potential of a particular agent.
tective effects of CQ pretreatment were not explainable Elevated levels of brain iron similar to those reported
by decreased conversion of MPTP to MPP÷ (CO-fed = in PD have been shown to result in significantly higher
134.04 ± 8.70 ng/mg protein MPP+, saline-fed = levels of both oxidative stress and dopaminergic cell
138.15 - 6.63 ng/mg protein MPP÷, n = 5, p > 0.05). loss following MPTP administration in vivo, suggesting

In order to examine the effects of CO pretreatment in that elevated iron can contribute to the toxicity of the
a different MPTP toxicity paradigm, we also assessed compound via an oxidative mechanism (Lan and Jiang,
toxin-induced dopaminergic SN cell loss following a 1997). Redox-available iron has been detected in mid-
chronic regime of MPTP treatment (5 X 20 mg/kg, 24 brain Lewy bodies in postmortem parkinsonian brains
hr apart; Figure 5F; Vila et al., 2001). Following chronic (Castellani et al., 2000), and the oxidation state of iron
treatment with MPTP, SN TH+ cell numbers in untreated has been reported to change from ferrous to ferric within
animals were decreased by 31% (10,143 t 701, saline- SN THI neurons during progression of the disease (Yo-
treated; 7,010 ± 238, MPTP-treated, n = 6, *p > 0.01), shida et al., 2001). Our data demonstrate that chelation
but only by 17% in the CQ-pretreated animals (8449 ± of iron via ferritin or CQ in a state that prevents It from
503, n = 5, "p > 0.01 versus MPTP-treated controls). No participating in oxidative events significantly attenuates
difference in TH+ cell numbers was observed between toxicity of the parkinsonian-inducing agent MPTP.
vehicle- or CO-fed animals prior to MPTP treatment These results definitively demonstrate the involvement
(10,143 ± 701, saline-treated; 10,291 ± 660, CO-fed, of iron in MPTP-mediated neurodegeneration. These re-
n = 6, p > 0.05), suggesting the CO alone had no effect suits, in addition, challenge the view that iron accumula-
on this parameter. tion is a late-stage, irreversible event in MPTP toxicity

Finally, we assessed whether either genetic or phar- and PD and suggests that iron chelation may be an
macological iron chelation provided protection against effective preventative therapy for progressive degenera-
behavioral motor deficits associated with MPTP treat- tion associated with the disease.
ment (Figure 6). Neither transgenic ferritin expression Transgenic expression of the heavy ferritin subunit
nor CQ treatment alone was found to result in decreased was found to prevent dopaminergic SN cell loss associ-
motor performance as assessed by rotorod (data not ated with MPTP toxicity. The heavy subunit contains
shown). However, performance following acute MPTP catalytic ferroxidase activity, which allows it to detoxify
treatment was found to be decreased, and this MPTP- reactive ferrous iron and is the predominant form found
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Figure 5. Protective Effects of CQ Pretreatment against MPTP-Medlated Oxidative Stress and Dopaminergic Cell Loss under Either Acute or
Chronic MPTP Dosing Regimes
(A and B) Levels of 4-HNE-protein conjugates (A) and protein carbonyl content (B) as assessed by slot blot analysis of SN tissue 24 hr following
acute MPTP or saline (Sal) administration in the absence or presence of CO pretreatment, *p < 0.01, Veh/MPTP versus Veh/Sal; -p > 0.05,
CQ/Sal and CQ/MPTP versus Veh/Sal.
(C) Total SN GSH levels 24 hr following acute MPTP or saline administration ± CQ pretreatment, *p < 0.01, VehIMPTP versus Vehl/Sal; -p >
0.05, CQ/Sal and CQ/MPTP versus Veh/Sal.
(D) ST DA, DOPAC, and HVA content in saline versus CO-fed mice 7 days following acute MPTP, *p < 0.01, Veh/MPTP versus Veh/Sal; -p >
0.05, CO/Sal and CQ/MPTP versus Veh/Sal.
(E) THW SN cell counts from saline versus CO fed 7 days following acute MPTP administration, *p < 0.01, MPTP versus untreated wt4 p <
0.01 CQ/MPTP versus MPTP-treated wt.
(F) TH+ SN cell counts from saline versus CO fed 7 days following chronic MPTP administration, *p < 0.01, MPTP versus untreated wt; p <
0.01 CQ/MPTP versus MPTP-treated wt.

in brain neurons (Harrison and Arosio, 1996; Connor et cal consequences (Curtis et al., 2001; Connor et al.,
al., 1995; Han et al., 2000). It is rapidly upregulated in 2001; Thompson et al., 2001).
response to oxidative stress, and overexpression in vitro Uke ferritin, CQ also has metal binding properties,
results in increased resistance to H202-mediated insult although it appears to act via chelation of both ferrous
(Orino et al., 2001; Cozzi et al., 2000), suggesting that it and ferric iron rather than conversion of available ferrous
may play an important role as a biological antioxidant to bound unreactive ferric iron. It is lipophilic and there-
by sequestering iron that is normally free to participate in fore freely crosses the blood-brain barrier. CQ has re-
oxidative events. Several recent reports have suggested cently been shown to inhibit plaque formation and ac-
that diseases of iron overload may have their basis in companying behavioral declines in an AD transgenic
misregulation of iron storage by ferritin. A dominantly mouse model (Chemy et al., 2001; see commentary by
Inherited Iron overload disease in a Japanese pedigree, Melov, 2002). We found that CO given at similar concen-
for example, was recently attributed to a point mutation trations and time periods found to be effective in the
in the iron response element (IRE) in the H ferritin gene AD mouse studies results in significant attenuation of
promoter, which leads to increased binding affinity of the neurotoxic effects of MPTP. CO has been shown to
the iron regulatory protein (IRP), decreasing H ferritin reduce bioavailable brain iron in normal control mice
synthesis and resulting in increased cytoplasmic iron with no apparent adverse health or behavioral effects
levels (Kato et al., 2001). A mutation in the gene encoding (current study; Yassin et al., 2000). CQ treatment also
the ferritin light subunit has also recently been reported does not result in depletion in systemic iron levels that
to cause a dominantly inherited adult-onset basal gan- could cause adverse physiological effects (Yassin et al.,
glia disease similar to PD due to a change in its confor- 2000). This is in contrast to other currently used iron
mation that affects its ability to function as a stabilizer of chelators administered to patients with iron overload
the ferritin-iron core, resulting in increased iron release, conditions that have been shown to have toxic side
suggesting that iron excess can have serious neurologi- effects at the higher dosages needed to overcome the
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A 0 20 in addition, efficacious in delaying the course of the
15 disease. Acute administration of the compound at signif-
810- icantly higher dosages had previously been associated

o 5 with a subacute myelo-optic neuropathy (SMON), which
• 0 was primarily confined to Japan (Masters, 2002; Tsubaki

S-5 et al., 1971). SMON appears to resemble a subacute
*-0* accelerated form of B12 deficiency, and CO has been

S-15 shown to lower levels of brain and serum vitamin B1 2
.5 -20 - (Yassin et al., 2000). However, a causal relationship be-

Wt/MPTP Tg/MPTP tween SMON and CO Intake has not been established;

B 2 60 * for example, CQ was used extensively in Japan for 20
S50 years before the first cases of SMON were reported
00 40 (Meade, 1975; Nakae et al., 1973; Baumgartner et al.,

• 30- 1979; Clifford Rose and Gawel, 1984). In light of this
2 0e possibility, the Alzheimer phase II clinical trials (Masters,

02002) were performed with B12 coadminlstration, and
0. odosages of the drug were kept to a fraction of those

, -10 ** dosages used previously that demonstrated neurotoxic
.5 -20 effects (e.g., Yoshimura et al., 1992; Tateishi, 2000). The

Veh/MPTP CQ/MPTP possible toxic effects of chronic CQ administration at

C o 40 these dosages beyond the period of the trial, however,

35- have yet to be assessed.

00 g 30 - Increases in reactive brain iron are not specific to PD

"d 25- but are also seen in such diverse neurodegenerative
S20 disorders as multiple system atrophy, Huntington's dis-

15 *1* ease, Alzheimer's disease, progressive supranuclear
' 10 palsy, aceruloplasminemia, and Hallervorden-Spatz
• 5- (Dexter et al., 1991; Connor et al., 1992; Smith et al.,
.0 - 1997; Gitlin, 1998; Janetzky et al., 1997). Misregulation

Veh/MPTP CQ/MPTP of iron metabolism resulting in iron accumulation, there-
fore, may be a general phenomenon contributing to the

Figure 6. Protective Effects of Transgenic Ferritin Expression and progression of several neurodegenerative conditions.
Pharmacological CQ Treatment against Motor Deficits Elicited by Brain iron accumulation along with increased ROS pro-
Either Acute or Chronic MPTP Treatment duction is part of the normal aging process, particularly
(A) Decreases In motor activity as assessed by rotorod In wt versus in the basal ganglia, and this in itself may contribute to
ferritin transgenic mice 24 hr following acute MPTP treatment. *p < the increased age-related susceptibility in a subset of
0.01, MPTP versus untreated wt; -p > 0.01, MPTP-treated Tg ver- these diseases (Bartzokis et al., 1997; Zecca et al., 2001;
sus wt.
(B) Decreases In motor activity In Veh versus CO-fed mice 24 hr Christen, 2000; Thompson et al., 2001). Brain H ferritin
following acute MPTP treatment, *p < 0.01, MPTP versus saline- levels are known to increase with age, likely as a protec-
treated wt; -p < 0.01, MPTP-treated CQ versus wt. tive response to increasing iron levels; however, this
(C) Decreases in motor activity In saline versus CQ-fed mice 96 hr increase does not appear to occur in either PD or AD
following chronic MPTP mice, *p < 0.01, MPTP versus saline-treated brains (Connor et al., 1995; Zecca et al., 2001; Thompson
wt; -p < 0.01, MPTP-treated CO versus wt. et al., 2001). Although it has been previously speculated

that increasing the iron loading of ferritin may increase
the risk of free radical damage (Double et al., 1998;

compounds' low lipid solubility that impair their ability Griffiths et al., 1999), our data in contrast suggest that
to cross the blood-brain barrier (Porter and Huehns, increased ferritin is in fact neuroprotective. Indeed, ferri-
1989; Marciani et al., 1991). It should be noted that it tin has recently been reported to normally be absent in
cannot be excluded that the protective effects of CO dopaminergic SN neurons, and this may, in combination
may be due in part to previously reported CO-mediated with other factors such as elevated iron levels, contrib-
depletions in brain copper levels, as copper can act to ute to their susceptibility to oxidative stress (Moos et
facilitate Fe2W toxicity (Chemy et al., 2001); however, al., 2000). It is of interest in this regard that SN levels of
copper levels, unlike iron, have not been shown to be ferditin in humans have been reported to actually be
elevated in PD. No adverse effects were attributable to decreased in PD patients compared to age-matched
CQ administration in our study at a similar dosage (g/kg controls, although this is somewhat controversial (Reid-
body weight) to that used in the previous transgenic erer et al., 1989; Jellinger et al., 1990; Dexter et al.,
APP study (Huang et al., 1999; Bush, 2000; Cherny et 1991; Jenner et al., 1992; Mann et al., 1994). Extensive
al., 2001). Results from a recent small two-year double- elimination of iron from the brain is not desirable, as it
blind phase II trial assessing the efficacy of CO as a is an abundant brain metal essential for several normal
possible treatment for AD suggest that oral administra- metabolic functions including the synthesis and release
tion of the agent accompanied by B1 2 supplementation of dopamine in the SN (Beard et al., 1993; Glinka et al.,
is well tolerated in humans over the period of the trial 1996; Connor et al., 2001; Thompson et al., 2001). In
at similar dosages to those used in both the previous addition, its deficiency during development has been
APP transgenic and in our current MPTP study and were, associated with neurobehavioral dysfunction (Conner et
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al., 1995). However, our data suggest that chelators such samples encompassing SNc, SNr, and red nucleus were performed
as ferritin or CO, which can remove excess iron without (IPLab Spectrum, Scientific Image Processing from Scanalytics,
apparent interference with its normal functions in the Inc.; Morgan et al., 1999). Intensity was normalized using corticalapparentwhite matter as control.
adult nervous system system, may postpone or prevent

the progression of such neurological diseases as PD Spectrophotometric Analysis of Bloavallable Ferrous Iron
(Gassen and Youdim, 1997). Levels of ferrous iron available to bind ferrozine were determined in

dissected SN tissue spectrophotometrically at 578 nm as previously
Experimental Procedures described (Agrawal et al., 2001).

Mouse Studies Ferric Iron Histochemistry (Peris)
Mice were housed according to standard animal care protocols, fed Coronal sections from brains of adult animals were subjected to
ad libitum, kept on a 12 hr light/dark cycle, and maintained in a formalin fixation and Pens staining using potassium ferrocyanide
pathogen-free environment in the Buck Institute Vivarium. Animals as previously described (Hill and Switzer, 1984). The percentage
used for studies were young adults (2-6 months of age). Ferritin area covered by fenic-ferrocyanine product was assessed by Cam-
transgenic mice were generated via injection of an 8.3 kb Hind III era Luminace Drawing.
DNA fragment containing 4.8 kb of 5' upstream sequences from the
rat TH gene (Banerjee et al., 1992), 2.6 kb of human genomic ferritin ROS by DCF Fluorescence
DNA encompassing the 4 coding region exons (Hentze et al., 1986), Animals wbre i.p. Injected with either 30 mgskg body weight MPTP
and 3' SV40 splice and polyadenylation sequences into fertilized or saline. Eight hours after injection, synaptosomal fractions were
B6D2 mouse embryos to create pTH-ferritin transgenic founder ani- oresale. Eight s after i on synaptsomAl ft weremais. For CQ studies, C57BI mice were obtained from Jackson Labs prepared from the SN and used for DCF analysis (All et al., 1992).

mals Fo COstudesC571 mie wre btaied romJackon abs Fluorescence was monitored on a Turner spectrofiuoromatar with
and randomized for therapy trials. CQ was suspended in saline and Floescence wasemonito on a erispof w ith
delivered via oral gavage at a daily dosage of 30 mg/kg as previously an excitation wavelength of 448 mm and an emission wavelength
described for a period of 8 weeks (Chemy et al., 2001); controls of 525 nm. Protein was normalized by the Bradford method.
received vehicle alone. For acute MPTP studies, mice were treated
with either 4 x 20 mg/kg, 2 hr apart or 2 x 20 mg/kg, 12 hr apart GSH Levels
of the toxin, and SN or ST samples taken at the times specified for Following MPTP or saline injection, GSH levels were measured in
various analyses. For chronic MPTP studies, mice were treated with the SN by the method of Griffith (1980).
5 X 20 mg/kg MPTP, 24 hr apart, and samples taken at specified
times for analyses. Histology and Neuron Counts

Neuronal counts were performed on TH+-positive SN neurons using
Southern Blot Analysis the unbiased dissector method (West, 1993). Fixed coronal brain
Genomic DNA from ferritin founders was digested with Xba I, sepa- sections (40 trm) were Immunostained with TH antibody (1:500 dilu-
rated on a 1% agarose gel, transferred to Hybond (Amersham), and tion, Chemicon) and coverslipped in aqueous medium, and TH÷
hybridized with a 32P-labeled 2.6 kb Xba I-EcoRI ferritin genomic cells counted from a total of 15-20 sections in each field per brain
fragment. Founder animals positive for the transgene were bred out (i.e., every second section) at a magnification of 100X using the
to create lines for analysis; nontransgenic littermates were used as optical fractionator approach.
negative controls.

Striatal DopamlneIDOPAC and MPP+ Levels
Western/Slot Blot Analyses Animals were injected with either 15 mg/kg body weight MPTP or
SN were dissected and homogenized in 10 mM HEPES-KOH (pH saline every 2 hrfor4 doses. Dopamine, DOPAC, and HVA or MPP+
7.2), 2 mM EDTA, 0.1% CHAPS, 5 mM dithiothreitol (DTI'), 1 mM from dissected striata were analyzed by HPLC using a 5 urm C-18
phenylmethylsulfonyl fluoride, 10 jig/mI pepstatin A, 10 ig/ml aprot- reverse phase column and precolumn (Brownlee Labs) followed by
Inin, and 20 tug/ml leupeptin (Nicholson et al., 1995). Fifteen micro- electrochemical detection with a glassy carbon electrode (Kilvenyl
grams of total protein from each sample was either run on a 15% et al., 2000).
SDS-PAGE gel (BioRad) and transferred to nitrocellulose membrane
or directly slotted onto membrane. Membranes were incubated with SN Iron Levels by Mass Spectrometry
10-50 pLg/ml primary antibody (heavy chain human ferrtin mono- SN was dissected and snap frozen in liquid nitrogen and the wet
clonal, Ramco Laboratories; anti-HNE Michaels adduct rabbit poly- weight was determined; then, it was lyophilized and the dry weight/
clonal, Calbiochem; anti-DNP rabbit polyclonal, Intergen), followed tissue was measured. Preweighed lypholized samples were next
by horseradish peroxidase-conjugated secondary antibody (Vector taken up In 0.1 ml of concentrated nitric acid (Aristar, BDH) and
Laboratories). Autoradiography was performed with enhanced allowed to digest overnight The samples were then heated to 80°C
chemiluminescence (Amersham Pharmacla). For4HNE-proteln con- for 15 min and cooled, and 0.1 ml 30% hydrogen peroxide added.
jugates and protein carbonyls, relative optical band density were Samples were heated to 70°C for 15 min, cooled, and diluted 1/40
quantified using a Chemllmager 5500 (Alpha Innotech Corporation). into 1% HN0 3 for analysis by Inductively coupled plasma mass spec-
Reported values are the results of three independent experiments. trometry (ICP-MS) using an Ultramass 700 (Varian) In peak-hopping

mode with 0.100 AMU spacing, 1 point per peak, 50 scans per
Immunocytochemistry replicate, 3 replicates per sample. Preparation blanks processed in
Animals were cardiac-perfused with phosphate-buffered saline a similar manner were used as controls. Plasma flow was 15 I/mn
(PBS) followed by 10% formalin, and brains were removed and with auxiliary flow of 1.5 /rmin, RF power was 1.2 kW, and sample
postfixed for 15 hr followed by 30% sucrose and sectioning at 40 km was introduced at a flow rate of 0.88 r/min.
on the coronal plane. ICC was performed as previously described
(Andersen et al., 1994). Specific primary antibodies were applied and Rotorod Performance
visualized with fluorescence (Streptavidin-Cy3 for red fluorescence Motor activity was measured via rotorod performance utilizing an
and Streptavidin-Cy2 for green fluorescence, Jackson Immuno- Accelerated Rota-Rod for mice 7650 (UGO Basil, Italy) with a rod
chemicals). diameter of 3 cm according to the manufacturer's instructions. The

mice were allowed to acclimatize for 20 a at the lowest speed, i.e.,
SN Iron Levels by Magnetic Resonance Imaging (MRI) 4 rpm, and then the rotor was allowed to accelerate to 40 rpm during
MRI studies were performed using a Bruker AMX500 11.7 tesla MRI a period of 5 min. Fall of the animal from the rod was taken as the
system as previously described (Gilissen et al., 1998). Brains were end point of run. Each animal was tested three times on each test
fixed as described above and MRI performed In the coronal plane. day with an hour of rest between consecutive runs. Animals were
Comparisons of SN hypointensity (dark area) on T2-weighted MR tested 1, 2, 3, 4, and 7 days post final MPTP treatment.
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There is substantial evidence that creatine administration exerts effects by increasing PCr levels, and thereby providing extra
neuroprotective effects both in vitro and in vivo. The precise energy for ion homeostasis and the functional and structural
mechanisms for these neuroprotective effects however are as yet integrity of mitochondria. We and others showed that PCr levels
unclear. We investigated whether creatine administration could exert are increased by creatine supplementation both in vitro and in
neuroprotective effects in mice deficient in ubiquitous mitochondrial
creatine kinase (UbMi-CK). UbMi-CK-deficient mice showed increased vav ew a nd Wain 20 F t et al., 2000; Hotz-man et al., 1998; Matthews et al., 1998). Other neuroprotective
sensitivity to 1-methyl-l, 2, 3, 6-tetrahydropyridine (MPTP)-induced
dopamine depletion and loss of tyrosine hydroxylase (TH) stained effects of creatine may be due to increased glutamate reuptake

neurons. Isolated mitochondria from these mice showed no alterations (Xu et al., 1996), and scavenging of free radicals (Lawler et al.,
in calcium retention, oxygen utilization, membrane potential, or 2002).
swelling in response to a calcium challenge. Creatine administration Creatine exerts neuroprotective effects in vitro as well as in
significantly increased brain concentrations of both creatine and PCr vivo. Creatine protects against both glutamate and 13-amyloid
in the UbMi-CK knockout mice. Creatine administration to the UbMi- toxicity in rat hippocampal neurons (Brewer and Wallimann,
CK-deficient mice exerted significant neuroprotective effects against 2000). Creatine also protects against 3-nitropropionic and gluta-
MPTP toxicity that were comparable in magnitude to those seen in mate neurotoxicity in rat hippocampal and striatal neurons (Bnis-
wild-type mice. These results suggest that the neuroprotective effects of tovetsky et al., 2001). We initially showed that creatine protects
creatine are not mediated by an effect on UbMi-CK to inhibit the
mitochondrial permeability transition, and are more likely to be against both malonate and 3-nitropropionic acid (3-NP) striatal
mediated by maintenance of appropriate ATP/ADP and PCr/Cr levels. neurotoxicity in vivo (Matthews et al., 1998). We also found dose-

© 2004 Published by Elsevier Inc. dependent protection against MPTP toxicity (Matthews et al.,
1999). Others found protection against traumatic brain injury

Keywords: Creatine; Creatine kinase; MPTP; Phosphocreatine; (Sullivan et al., 2000). More recently, we found that creatine exerts
Mitochondria neuroprotective effects in transgenic mouse models of both ALS

and Huntington's disease (Andreassen et al., 2001; Ferrante et al.,
2000; Klivenyi et al., 1999). Creatine also is protective in the
wobbler mouse model of motor neuron disease (Ikeda et al., 2000).

Several isoforms of creatine kinase are compartmentalized Phosphocreatine promotes recovery of ischemic heart tissue in
within cells to form a buffering system for cellular energy stores, vitro (Sharov et al., 1987), and improves survival of'cultured
which is thought to be important in tissues with high and myotubes deficient in dystrophin (Pulido et al., 1998).
fluctuating energy requirements such as brain and muscle. The A proposed mechanism of neuroprotection is inhibition of
creatine kinase system can shuttle high-energy phosphates (PCr) to activation of the mitochondrial permeability transition pore
sites of energy usage in the cell, such as ion pumps in organelles in (mPTP) that is linked to both necrotic and apoptotic cell death
the plasma membranes or dynamic cytoskeletal structures and (Bernardi et al., 1998). Creatine can stabilize mitochondrial iso-
molecular motors. Creatine may therefore exert neuroprotective form of creatine kinase (Mi-CK) in an octomer that can inhibit

activation of the mPTP (O'Gorman et al., 1997). Whether this is an
important component of the neuroprotective effects of creatine in

Corresponding author. Neurology Department, New York Hospital- vivo however remains controversial (Brustovetsky et al., 2001;

Comell Medical Center, 525 East 68th Street, A5, New York, NY 10021. Sullivan et al., 2000). To resolve whether inhibition of mPTP plays

Fax: +1-212-746-8532. a role in the neuroprotective effects of creatine, we examined the
E-mail address. fbeal@med.comell.edu (M.F. Beal). effects of creatine in ubiquitous mitochondrial creatine kinase
Available online on ScienceDirect (www.sciencedirect.com.) (UbMi-CK)-deficient mice. Mice deficient in UbMi-CK are viable

0969-9961/$ - see front matter © 2004 Published by Elsevier Inc.
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and fertile, and show no physical or behavioral deficits (Steeghs et Dopamine measurement
al., 1995). If an interaction of creatine with Mi-CK to stabilize the
MPTP plays an important role in the neuroprotective effects of Control and UbMi-CK knockout mice were fed lab chow diets
creatine, then creatine feeding should not exert protective effects in supplemented with 2% creatine, or a standard unsupplemented diet
UbMi-CK-deficient mice. In the present experiments, we therefore for 2 weeks before MPTP administration. MPTP (20 mg/kg, 5 ml/
examined whether creatine protects against MPTP neurotoxicity in kg, i.p.) was administered four times at 2-h intervals to control,
UbMi-CK-deficient mice. heterozygous, and homozygous knockout mice (n = 12/group). The

animals were killed at 1 week, and both striata were rapidly
dissected on a chilled glass plate and frozen at -70°C. The

Materials and methods samples were subsequently thawed in 0.4 ml of chilled 0.1 M
perchloric acid and sonicated. Aliquots were taken for protein

Experimental animals quantification using a spectrophotometric assay. Other aliquots
were centrifuged, and dopamine, 3,4-dihydroxyphenylacetic acid

Our experiments were conducted in accordance with the Na- (DOPAC), and homovanillic acid (HVA) were measured in super-
tional Institutes of Health guidelines for the care and use of natants by HPLC with electrochemical detection. Concentrations
experimental animals. UbMi-CK knockout mice were generated of dopamine and metabolites were expressed as ng/mg protein
as described (Steeghs et al., 1995). Briefly, a 7 kbp Sstl DNA (mean ± SEM).
fragment was isolated from a genomic lambda FIX' II phage
library of mouse FI hybrid [CBAxC57BI/6] spleen DNA. The MPP+ levels
complete 4.8 kbp murine UbCKmit gene is encompassed within
this genomic region. Starting from this subclone, a replacement- To determine whether MPTP uptake or metabolism was altered,
type vector for homologous recombination was constructed. From MPTP 20 mg/kg was administered intraperitoneally four times, 2
this DNA, the 0.6 kbp BamHI-BgllI fragment was deleted and h apart, and mice were killed 90 min after the last injection (n = 6/
replaced by a 1.1 kbp neomycin resistance (neo') cassette. This group). MPP+ levels were quantified by HPLC with UV detection
vector was introduced into the wild-type E14 ES cells by electro- at 295 nm. Samples were sonicated in 0.1 M perchloric acid, and
poration. E14 clones that were positive for homologous recombi- an aliquot of supernatant was injected onto a Brownlee aquapore
nation were injected into recipient C57B1/6 blastocysts and X03-224 cation exchange column (Rainin, Woburn, MA). Samples
transferred into the uterus of pseudopregnant (C57BI/6xCBA)F1 were eluted isocratically with 90% 0.1 M acetic acid and 75 mM
females. Resulting chimeric males were mated with C57B1/6 triethylamine HCI, pH 2.3, adjusted with formic acid and 10%
females for 12 generations. Mice heterozygous for mutant UbMi- acetonitrile.
CK allele were intercrossed and null mutants were obtained. The
mice were bred locally. Measurements of creatine, phosphocreatine, and ATP

Chemicals Wild-type and homozygous Mi-CK knockout mice (10 mice
per group) fed 2% creatine for 2 weeks were killed by the freeze-

All chemicals were purchased from Sigma (St. Louis, MO) clamp procedure for measurements of creatine, phosphocreatine,
unless otherwise indicated. ADP, and ATP in cerebral cortex as previously described (Mat-

thews et al., 1998).
Isolated mitochondria measurements

Histological analysis
Nonsynaptic mouse forebrain mitochondria were isolated by

the Percoll gradient separation method as described (Sims, 1990). Control and homozygous UbMi-CK knockout mice were fed
For each experiment, brains of two mice of each type were lab chow diets supplemented with 2% creatine, or a standard
pooled. The isolation procedure was performed simultaneously unsupplemented diet for 2 weeks before MPTP administration.
and strictly in parallel with both wild-type and UbMi-CK-defi- MPTP (20 mg/kg, 5 ml/kg, i.p.) was administered three times at 2-
cient mouse forebrain tissue. Animals of approximately 12 h intervals to control, heterozygous, and homozygous knockout
months of age were used. Membrane potential of isolated mice (n = 6/group). After 1 week, the mice were deeply anesthe-
mitochondria was estimated using the fluorescence of safranine tized with pentobarbital and perfused with ice-cold 0.9% saline
0 (2.5 liM) with excitation and emission wavelengths of 495 and followed by 4% paraformaldehyde in 0.1 M sodium phosphate-
586 rim, respectively (Starkov et al., 2002). Changes in the buffered saline, pH 7.4. Brains were removed, postfixed for 2 h in
extramitochondrial medium-free Ca2+ were followed using the the same fixative, and then placed in 30% sucrose overnight at
fluorescence of Calcium Green 5N ("Molecular Probes", USA) 4VC. Serial coronal sections (50 jim) were cut through the
with excitation and emission wavelengths of 506 and 532 rim, substantia nigra. Two sets consisting of eight sections each, 100
respectively. Mitochondrial swelling was estimated by a conven- gim apart, were prepared. One set of sections was used for Nissl
tional method, from changes in light scattering of mitochondrial staining (cresyl violet). Another set was processed for tyrosine
suspension using a fluorimeter set at 660 nun excitation and hydroxylase (TH) immunohistochemistry using avidin-biotin per-
emission wavelengths with 10:5 nm excitation/emission slits and oxidase technique. Briefly, free-floating sections were pretreated
an 8% transmittance filter set over the photomultiplier window, with 3% H20 2 in PBS for 30 min. The sections were incubated
For all fluorescence measurements, a Hitachi F4500 fluorescent sequentially in (a) 1% bovine serum albumin (BSA)/0.2% Triton
spectrometer equipped with a water-thermostated cuvette holder X-100 for 30 min, (b) rabbit anti-TH affinity purified antibody
and a stirrer was utilized. (Chemicon, Temecula, CA; 1:2000 in PBS/0.5% BSA) for 18 h, (c)



612 P Klivenyi et al. / Neurobiology of Disease 15 (2004) 610-617

Table I Results
Number of neurons in the substantia nigra pars compacta in mitochondrial
creatine kinase knockout and control mice with or without MPTP treatment Brain mitochondria isolated from either wild-type or UbMi-

Experimental group Tyrosine hydroxylase Nissl CK-deficient mice were incubated in high ionic strength cytosol-

Control/normal diet/PBS 9151 ± 460 10629 ± 396 mimicking medium and challenged with repeated pulses of 100
Control/normal diet/MPTP 6326 ± 540** 6903 ± 265*** jiM Ca2+, and their responses were compared by several parame-
Control/creatine/MPTP 8085 ± 424# 9639 ± 547## ters relevant to Ca2+-induced damage and the mPTP. Fig. IA
Knockout/normal diet/PBS 9305 ± 761 10848 ± 606 demonstrates that both types of mitochondria possess virtually
Knockout/normal diet/MPTP 6285 ± 134"" 6778 ± 269""" identical membrane potential. After addition of ADP, the mem-
Knockout/creatine/MPTP 8052 ± 485' 9512 ± 460- brane potential transiently decreases in both types of mitochondria
Creatine attenuates MPTP-induced neurodegeneration in the SNpc of wild- indicating the onset of oxidative phosphorylation (state 3). As
type controls and Mi-CK knockout mice. Neuronal counts (means + SEM) shown in Fig. IA, both the amplitude and the duration of the
were made using the optical fractionator method.
**P < 0.01, vs. control/normal diet/PBS.
***P < 0.001, vs. control/normal diet/PBS. A ADP
#P < 0.05, vs. control/normal diet/MPTP. OI • 2 Ca * Ca?
€'mP < 0.001, vs. control/normal diet/MPTP. " . .
"" p <0.01, vs. knockout/normal diet/PBS. .. . RuRFCCP

"P < 0.001, vs. knockout/normal diet/PBS. F P C
P < 0.05, vs. knockout/normal diet/MPTP. .

4+P < 0.01, vs. knockout/normal diet/MPTP. S/-A

biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame, CA; CsA
1:500 in PBS/0.5% BSA) for I h, and (d) avidin-biotin-perox-

idase complex (Vector; 1:500 in PBS) for 1 h. The immunoreaction . tp
was visualized using 3,3-diaminobenzidine tetrahydrochloride Mito 2ra wild type
dihydrate (DAB) with nickel intensification (Vector) as the chro- /. . CK deficient

mogen. All incubations and rinses were performed with agitation
using an orbital shaker at room temperature. The sections were
mounted onto gelatin-coated slides, dehydrated, cleared in xylene, B
and coverslipped. The numbers of Nissl-stained or TH-immuno- %
reactive cells in the substantia nigra pars compacta (SNpc) were
counted using the optical fractionator method in the Stereo Inves-
tigator (v. 4.35) software program (Microbrightfield, Burlington, tu

VT). A.- •. CsA

Statistical analysis

Results are expressed as the mean ±SEM. Statistical com- CS m
parisons were made using one-way ANOVA followed by New- C.. .
man-Keuls post hoc tests, or two-way ANOVA for the data in O 11 t t .
Table 1. Mito C 9 R uRRt

- , * wild type

Fig. 1. Ca2+-induced changes in membrane potential, Ca2
+ uptake, and ADP . CK deficient

swelling of mouse brain mitochondria. Incubation medium was composed C C62- Ca2* C A A ]rC.2. Ca 2+ 1 C "s ,.

of 125 mM KCI, 2 mM KH 2PO4 , I mM MgCI2, 13.6 mM NaCI, 20 mM C a2  " ........
HEPES (pH 7.2), 0.2 mg/ml fatty-acid-free bovine serum albumin, 5 AtM i AP Ol E? ........
EGTA, 10 mM potassium succinate, and I pM rotenone; t = 37°C. In A, the iCo C C CsA 1
incubation medium was supplemented with 2.5 pM safranine 0. In C, the Caa

incubation medium was supplemented with 0.1 tM Calcium Green 5N. ,
Mitochondria were added at 0.125 mg/ml. (A) Membrane potential of ADP I Ca+
mouse brain mitochondria estimated from safranine 0 fluorescence
quenching as described in Materials and methods. Please note that the
tracings are inverted upside down for the sake of visual consistency. (3)
Ca 2+ uptake in mitochondria estimated from changes in external Ca2+,, --- wild type
concentration measured as described in Materials and methods, and (C) the -...... CK deficient k.
swelling of mitochondria. Additions: Mito, mouse brain mitochondria;
ADP, 100 pM ADP; 01, 1 tag/ml oligomycin; Ca2+, 100 pM CaCI2; CsA,
1.1 ptM cyclosporine A; RuR, 0.4 pM Ruthenium Red; FCCP, 100 nM 12 min
FCCP; Al, 80 pg/ml alam 9 thicin A. All tracings were produced in a single
experiment representative of five experiments performed.
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decrease in membrane potential are virtually identical in both types nmol/mg protein) whereas higher amounts (4000 nmol/mg protein)
of mitochondria reflecting an equal efficiency of the oxidative of Ca2+ induced permanent damage to bioenergetics, which was
phosphorylation system (mtATPase, ADP/ATP translocator, and Pi similar in both types of mitochondria (Fig. I A). However, UbMi-
transporter) and energy-producing system (substrate transporters CK mitochondria appear to be slightly more resistant to massive
and mitochondrial respiratory chain). It is well known that change Ca2+ loading, since they demonstrate better restoration of mem-
in the membrane potential is one of the most sensitive parameters brane potential after the fifth Ca2+ addition.
reflecting the bioenergetic qualities of mitochondria (Beatrice et The changes in membrane potential were paralleled by Ca2+

al., 1980; Jensen et al., 1986; Petit et al., 1990; Zanotti and fluxes as shown in Fig. lB. This figure shows that mitochondria
Azzone, 1980). Fig. 1A indicates that in the absence of added efficiently and rapidly remove exogenously added Ca2+ upon
Ca 2t, the bioenergetics of UbMi-CK-deficient mitochondria are moderate loading. At higher Ca2t loading, mitochondrial. Ca 2+
not different from those of wild-type mitochondria. Addition of uptake became much slower whereas the mPTP inhibitor cyclo-
Ca2+ induced a transient decrease in membrane potential followed sporine A promoted the uptake (Fig. IB). Ruthenium Red stimu-
by its spontaneous restoration to the initial level reflecting the lated the release of Ca2+ back into the incubation medium. Once
transport of Ca 2+ into mitochondria that is an energy-hungry again, it is clearly seen that UbMi-CK mitochondria exerted
membrane potential dependent process (Gunter and Gunter, relatively better handling of a massive Ca2t load than wild-type
2001; Gunter et al., 1994) (please note that an amplitude of a mitochondria.
deflection of tracings immediately after an addition does not bear Opening of mPTP is frequently associated with a large
any relevant information as it merely reflects the insertion and amplitude changes in light scattering of a mitochondrial suspen-
removal of a pipettor's tip into a cuvette). Fig. IA shows that up to sion, which is caused by swelling of the mitochondrial matrix,
the third addition of Ca2t, there was no difference in membrane and therefore represents a convenient way of assessing mPTP
potential changes in both types of mitochondria. However, after the activation in vitro (Beatrice et al., 1980; Zoratti and Szabo,
third Ca2+ pulse, a difference became apparent and consisted of a 1995). Fig. IC shows that addition of ADP induced a transient
delayed restoration of membrane potential in wild-type mitochon- increase in light scattering of mitochondria that correlated with
dria as compared to UbMi-CK mitochondria. After the fifth Ca2+ changes in the membrane potential (Fig. IA). These changes are
addition, membrane potential failed to spontaneously restore in most likely related to the well-known effect of changes in the
wild-type mitochondria whereas the restoration was significantly mitochondrial matrix aggregation state induced by oxidative
delayed in UbMi-CK mitochondria. A specific inhibitor of MPTP phosphorylation (so-called "orthodox" to "condensed" state
cyclosporine A (Fournier et al., 1987; Zoratti and Szabo, 1995) transition) (Hackenbrock, 1981; Mannella et al., 2001). Ca 2+
promoted a partial restoration of membrane potential in both types additions did not induce any appreciable swelling in either type
of mitochondria indicating an activation of mPTP. The restoration of mitochondria. Instead, Ca2+ caused a moderate increase in
of membrane potential was incomplete and was not further light scattering. This is a well-known and frequently observed
promoted by Ruthenium Red, a specific inhibitor of the mitochon- phenomenon (Andreyev and Fiskum, 1999; Zoratti and Szabo,
drial Ca 2+ uniporter (Gunter and Gunter, 2001; Gunter et al., 1994). 1995) that most likely reflects changes in matrix density of
This indicates that incomplete restoration of the membrane poten- mitochondria induced by accumulation of Ca 2+-phosphate precip-
tial was not due to Ca2÷-induced Ca2+-recycling (Gunter and itate (Kristian et al., 2002). However, a slow swelling-like
Gunter, 2001; Gunter et al., 1994). Overall, these data imply that response was observed after the fifth Ca2+ addition in both types
there is no significant difference between wild-type and UbMi-CK of mitochondria, which was always blocked and reversed by
mitochondria in handling moderate amounts of Ca2t (up to 2400 cyclosporin A. Although a similar slow decrease in light scatter-
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0 co/normiMPTP •co/norm/MPTP

180. 13E co/crt/MPTP 13 co/crt/MPTP
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Fig. 2. Effects of MPTP on dopamine, DOPAC, and HVA in wild-type control, UbMi-CK heterozygous knockout, and homozygous knockout mice. *P <
0.001, as compared to PBS-treated animals; P* < 0.05, as compared to MPTP-treated wild-type mice, *** < 0.05, as compared to PBS-treated wild-type
mice, #P < 0.05, as compared to MPTP-treated wild-type mice, ##P < 0.002, as compared to MPTP-treated homozygous knockout animals.
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swelling of both types of mitochondria thus indicating their equal
ability to swell (Sansom, 1993). Similar findings were made with
a four-channel respiration system (Zhu et al., 2002).

The effects of administration of MPTP in wild-type controls and
UbMi-CK knockout mice are shown in Fig. 2. The dose of MPTP we
used (4 x 20 mg/kg) produced a significant dopamine depletion of
52% in wild-type controls on unsupplemented diet (P < 0.001). The
same dose of MPTP produced a 61% depletion of dopamine in
heterozygous UbMi-CK knockout mice that was not statistically
significant as compared to MPTP-treated wild-type mice, and a
significant 70% dopamine depletion in homozygous UbMi-CK
knockout mice (P < 0.05). Supplementation with 2% creatine
produced significant protection against MPTP-induced depletion
of dopamine both in wild-type mice (38%. protection) and in
homozygous UbMi-CK knockout mice (98% protection; P < 0.05
and P < 0.001, respectively). This dose of MPTP produced a
significant depletion of HVA in wild-type controls. There was a
trend toward decreased levels of HVA in the UbMi-CK knockout
mice on an unsupplemented diet, but this did not reach statistical
significance. Creatine supplementation produced significant protec-
tion against MPTP-induced depletion of HVA in both the wild-type
mice as well as in the homozygous UbMi-CK knockout mice (P <
0.05 and P < 0.001, respectively). The increased sensitivity to MPTP
was not caused by an alteration in metabolism of MPTP to MPP+
because striatal MPP÷ levels did not significantly differ between the
wild-type and the UbMi-CK knockout mice at 90 min after MPTP
administration (controls, 96.7 ± 17.1 ng/mg protein; UbMi-CK
knockout, 109.6 ± 20.8 ng/mg protein).

Creatine significantly attenuated the MPTP-induced neuro-
- degeneration in both the wild-type controls and UbMi-CK

knockout mice. In wild-type controls, MPTP significantly re-
duced the numbers of TH-immunostained and Nissl-stained

Fig. 3. Photomicrographs of TH-immunostained sections through the neurons in the substantia nigra pars compacta (SNpc) compared
substantia nigra pars compacta of wild-type controls (A-C) and UbMi-CK with PBS-treated mice by 31% (P <0.01) and 35% (P < 0.001),
knockout mice (D-F) showing TH-positive neurons following treatment
with PBS (A, D), MPTP (B, E), and MPTP and dietary creatine (C, F). respectively (Table 1, Fig. 3). In UbMi-CK knockout mice,
Scale bar, 200 Itm. MPTP produced a 32% reduction of TH-positive neurons (P <

0.01, vs. PBS) and 38% decrease (P < 0.001, vs. PBS) in the
number of Nissl-stained neurons in SNpc. In MPTP-treated wild-

ing was reproducibly observed in all experiments, the amplitude type controls, 2% dietary creatine treatment significantly in-
and the velocity of that swelling were inconsistent and varied in creased the numbers of surviving TH-positive neurons (P <
both types of mitochondria. As expected, an addition of a pore- 0.05) and Nissl-stained cells (P < 0.001) compared with the
forming peptide alamethicin induced similar large amplitude unsupplemented groups. In UbMi-CK knockout mice, creatine

AMP PCr/Cr
0.5 *

12-

10- 0.4-

00.2

04

20.1

0 0--- -

CTX STR CBL CTX CBL

1 wildtype UbMiCK ko l UbMiCK ko with Cr

Fig. 4. AMP levels and effects of creatine supplementation for 2 weeks on PCr/Cr concentrations in wild-type (wt) and UbMi-CK-deficient mice. PCr/Cr
concentrations were significantly increased in the UbMi-CK mice after creatine supplementation (*P < 0.001).
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supplementation significantly attenuated the MPTP-induced loss the development of brain atrophy, and delayed the formation of
of TH-immunoreactive neurons (P < 0.05) and Nissl-stained cells huntingtin-positive aggregates (Andreassen et al., 2001; Ferrante
(P < 0.01) to a comparable extent, et al., 2000). Using magnetic resonance spectroscopy, we showed

The effects of creatine supplementation on PCr/Cr levels in that creatine administration increased brain creatine levels 21.3%
cerebral cortex and cerebellum are shown in Fig. 4. There were no and delayed decreases in N-acetylaspartate concentrations
significant changes in ADP, ATP in the wild-type mice as com- (Andreassen et al., 2001; Ferrante et al., 2000). Creatine admin-
pared to UbMi-CK-deficient mice at baseline (data not shown). istration in a model of traumatic brain injury reduced the extent of
AMP levels were significantly reduced in both cerebral cortex and cortical damage by 36% in mice and 50% in rats (Sullivan et al.,
striatum of UbMi-CK-deficient mice. Creatine supplementation 2000).
significantly increased concentrations of creatine and PCr in A potential neuroprotective mechanism of creatine is to stabi-
cerebral cortex of UbMi-CK-deficient mice, and there was a lize the mPTP that is linked to both necrotic and apoptotic cell
similar trend in cerebellum. death (Bernardi et al., 1998). The mPTP is a large pore in the inner

mitochondrial membrane that is activated by increases in mito-
chondrial calcium, free radicals, and decreases in reduced pyridine

Discussion nucleotides. The mitochondrial isoform of creatine kinase (Mi-CK)
is located at contact sites between the inner and outer membranes

Mi-CK is part of a complex of proteins that form an efficient, where it is associated with porin (Brdiczka et al., 1998; Schlattner
tightly coupled multienzyme energy channel, which generates and et al., 2001). Mi-CK can convert intramitochondrially produced
transports PCr to the cytoplasm. The creatine transporter has ATP to PCr directly, which then gets transported to sites of energy
recently been localized to the inner mitochondrial membrane and consumption. The mitochondrial isoform is also coupled to oxida-
there is evidence that there may be subcellular compartmentaliza- tive phosphorylation via the adenine nucleotide transporter, and
tion of Cr/PCr pools that are not fully in equilibrium (Walzel et al., creatine stimulates respiration by increasing mitochondrial ADP
2002a,b). Substantial evidence supports a direct functional cou- (Kay et al., 2000). It was suggested that creatine converts UbMi-
pling of creatine kinase with Na+/K+ ATPase, neurotransmitter CK from a dimer to an octomer, which then stabilizes the mPTP
release, and in maintenance and restoration of ion gradients before (Dolder et al., 2003; O'Gorman et al., 1997). Creatine prevents
and after depolarization (Dunant et al., 1988; Hemmer and Wall- increases in respiration produced by Ca 2+ with atractylate, an
imann, 1993). High energy turnover and high creatine kinase activator of the mPTP. Furthermore induction of the mPTP was
concentrations are found in brain regions that are rich in synaptic inhibited in cortical mitochondria of rats fed with creatine and then
connections (Kaldis et al., 1996) and creatine kinase flux correlates subjected to traumatic brain injury (Sullivan et al., 2000). Studies
with brain activity as measured by EEG, as well as the amount of of isolated brain mitochondria, however, found no effect of
2-deoxyglucose found in the brain (Sauter and Rudin, 1993). creatine on the mPTP, and creatine supplementation for 2 weeks
Creatine kinase appears to be coupled directly or indirectly to before isolation of brain mitochondria also showed no effect on the
energetic processes required for calcium homeostasis (de Groof et MPTP (Brustovetsky et al., 2001).
al., 2002; Steeghs et al., 1997; Wallimann et al., 1992). PCr is An important issue therefore is how much of the neuroprotec-
essential for normal calcium regulation by the sarcoplasmic retic- tive effects of creatine can be attributed to inhibition of the mPTP,
ulum (de Groof et al., 2002; Yang and Steele, 2002). Creatine versus maintenance of cellular PCr and ATP levels, which are
pretreatment delays increases in intracellular calcium produced by critical to cellular homeostasis, synaptic transmission, and restora-
3-nitropropionic acid (3-NP) in astrocytes in vitro (Deshpande et tion of ionic gradients. We therefore examined whether creatine
al., 1997). could exert neuroprotective effects in mice deficient in UbMi-CK.

There is an extensive literature showing neuroprotective effects Mi-CKs are encoded by two nuclear genes. Sarcomeric Mi-CK is
of creatine both in vitro and in vivo. Creatine increases PCr levels expressed in skeletal muscle fibers and cardiac cells, while UbMi-
in cultured neurons and protects against glutamate, 3-NP, and 03- CK is expressed in brain, kidney, intestinal epithelial cells, smooth
amyloid toxicity (Brewer and Wallimann, 2000; Brustovetsky et muscle, and sperm. Mice deficient in either isoform have been
al., 2001). In hippocampal slices, creatine administration increased generated (Boehm et al., 1996; Steeghs et al., 1995, 1997).
PCr levels, delayed synaptic failure, and ameliorated neuronal Surprisingly, these mice show no overt phenotypic abnormalities.
damage produced by anoxia (Carter et al., 1995; Sharov et al., We found that mice deficient in UbMi-CK have normal ADP
1987; Whittingham and Lipton, 1981). Creatine administration to and ATP levels at baseline, consistent with studies using phospho-
rat pups for 3 days increased brain PCr levels, decreased hypoxia- rous NMR spectroscopy (Kekelidze et al., 2001). Phosphorous
induced seizures and death, and enhanced PCr and ATP recoveries NMR studies showed no differences in brain PCr levels in UbMi-
after hypoxia (Holtzman et al., 1998). CK knockout mice compared to wild-type mice (Kekelidze et al.,

We found that creatine administration increased brain PCr 2001). We found that the UbMi-CK mice have reduced AMP
concentrations and produced significant neuroprotection against levels suggesting that increased adenylate kinase activity may
striatal lesions produced by the mitochondrial toxins 3-nitropro- contribute to maintaining ATP levels. The UbMi-CK-deficient
pionic acid and malonate (Matthews et al., 1998), and MPTP mice showed a greater depletion of dopamine than wild-type mice
neurotoxicity (Matthews et al., 1999). Creatine significantly ex- after MPTP administration, suggesting that under conditions that
tended survival, improved motor performance, protected against stress mitochondria, compensation is not fully adequate. Similarly,
loss of spinal cord motor neurons (Klivenyi et al., 1999), and they show greater seizure-induced decreases in PCr and ATP
reductions in Mi-CK activity in a transgenic mouse model of ALS (Kekelidze et al., 2001).
(Wendt et al., 2002). In the present study, isolated brain mitochondria from UbMi-

In two transgenic mouse models of Huntington's disease, CK-deficient mice did not show any abnormalities in calcium
creatine administration significantly improved survival, slowed uptake, capacity, and retention, membrane potential, or mitochon-
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drial matrix volume changes in response to a calcium challenge. V., Scorrano, L., 1998. Perspectives of the mitochondrial permeability
Differences between wild-type and UbMi-CK mitochondria were transition. Biochim. Biophys. Acta 1365, 200-206.

insignificant and fall within the typical variability of experiments Boehm, E.A., Radda, G.K., Tomlin, H., Clark, J.F., 1996. The utilization of

with isolated mitochondria. Overall, these data strongly suggest the creatine and its analogues by cytosolic and mitochondrial creatine ki-
n 2+ nase. Biochim. Biophys. Acta 1274, 119-128.absence of any alterations to Ca2+-dependent mPTP regulation or Brdiczka, D., Beutner, G., Ruck, A., Dolder, M., Wallimann, T., 1998. The

elevated sensitivity to Ca 2+-induced damage inherently present in molecular structure of mitochondrial contact sites. Their role in regula-
mitochondria isolated from UbMi-CK-deficient mice. tion of energy metabolism and permeability transition. BioFactors 8,

If the neuroprotective effects of creatine are due to an interac- 235-242.
tion of creatine with UbMi-CK to prevent the MPTP, one would Brewer, G.J., Wallimann, T.W., 2000. Protective effect of the energy pre-
expect that creatine would not be neuroprotective in the brains of cursor creatine against toxicity of glutamate and p-amyloid in rat hip-
mice deficient in the UbMi-CK. In the present experiments, pocampal neurons. J. Neurochem. 74, 1968-1978.
creatine administration produced significant protection against Brustovetsky, N., Brustovetsky, T., Dubinsky, J.M., 2001. On the mecha-
MPTP neurotoxicity in UbMi-CK-deficient mice as assessed nisms of neuroprotection by creatine and phosphocreatine. J. Neuro-

biochemically and histologically. The neuroprotective effects were chem. 76, 425-434.
comparable to those seen in wild-type mice. Furthermore creatine Carter, A.J., Muller, R.E., Pschom, U., Stransky, W., 1995. Preincubation
compaistrablentogthoseaseen incrwasld-typ mraince.nFrthermoatins owith creatine enhances levels of creatine phosphate and prevents anoxic
administration significantly increased brain concentrations of both damage in rat hippocampal slices. J. Neurochem. 64, 2691-2699.
creatine and PCr. These results strongly suggest that the neuro- Dechent, P., Pouwels, P.J., Wilken, B., Hanefeld, F., Frahm, J., 1999.
protective effects of creatine are not mediated by an effect on Increase of total creatine in human brain after oral supplementation of
UbMi-CK to inhibit the mPTP. creatine-monohydrate. Am. J. Physiol. 277, R698-R704.

Our results are congruent with the recent studies of Brustovet- de Groof, A.J.C., Fransen, J.A.M., Errington, R.J., Willems, P.H.G.M.,
sky et al. (2001) who found that creatine had no significant effects Wieringa, B., Koopman, W.J.H., 2002. The creatine kinase system is
on the mPTP of isolated brain mitochondria, or in brain mitochon- essential for optimal refill of the sarcoplasmic reticulum Ca2+ store in
dria isolated from rats fed with 2% creatine for 2 weeks. These skeletal muscle. J. Biol. Chem. 277, 5275-5284.

results suggest that the primary neuroprotective effects of creatine Deshpande, S.B., Fukuda, A., Nishino, H., 1997. 3-Nitropropionic acid

are likely to be mediated by maintenance of brain PCr and ATP increases the intracellular Ca 2+ in cultured astrocytes by reverse oper-
ation of the Na -Ca 2 + exchanger. Exp. Neurol. 145, 38-45.levels. Creatine administration increases both skeletal muscle and Dolder, M., Walzel, B., Speer, 0., Schlattner, U., Wallimann, T., 2003.

brain PCr levels in man (Dechent et al., 1999; Wiedermann et al., Inhibition of the mitochondrial permeability transition by creatine ki-
2001) and it improves exercise performance (Jacobs et al., 2002; nase substrates. J. Biol. Chem. 278, 17760-17766.
Jones et al., 2002). These and other findings suggest that creatine Dunant, Y., Loctin, F., Marsal, J., Muller, D., Parducz, A., Rabasseda, X.,
administration is a promising strategy for the treatment of neuro- 1988. Energy metabolism and quantal acetylcholine release: effects of
degenerative diseases (Tamopolsky and Beal, 2001). botulinum toxin, 1-fluoro-2,4-dinitrobenzene, and diamide in the Tor-

pedo electric organ. J. Neurochem. 50, 431-439.
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Abstract

There is evidence that both inflammatory mechanisms and mitochondrial dysfunction contribute to Parkin-
son's disease (PD) pathogenesis. We investigated whether the cyclooxygenase 2 (COX-2) inhibitor rofecoxib
either alone or in combination with creatine could exert neuroprotective effects in the 1-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine model of PD in mice. Both rofecoxib and creatine administered alone protected against
striatal dopamine depletions and loss of substantia nigra tyrosine hydroxylase immunoreactive neurons. Admin-
istration of rofecoxib with creatine produced significant additive neuroprotective effects against dopamine
depletions. These results suggest that a combination of a COX-2 inhibitor with creatine might be a useful neu-
roprotective strategy for PD.

Index Entries: Inflammation; free radicals; mitochondria; cyclooxygenase; creatine; Parkinson's disease.

Introduction (IL)-1p3, IL-6, and tumor necrosis factor (TNF)-oc
concentrations are reported in the cerebrospinal fluid

Although a small number of genetic defects are and striatum ofPDpatients (Blum-Degen etal., 1995;
associated with Parkinson's disease (PD), in most Mogi et al., 1996; Muller et al., 1998; Mogi et al.,
patients, the etiology is unknown. There is increas- 1994a; Mogi et al., 1994b), and an increase in TNF-(x
ing evidence that both mitochondrial dysfunction and IL-IP immunoreactive glial cells has been
and inflammatory mechanisms may contribute to reported in the substantia nigra (Hunot et al., 1999).
PD pathogenesis. There is an increase in reactive Last, an rL-1 polymorphismwas reported to increase
microglia in the striatum and substantia nigra of the risk of PD (McGeer et al., 2002; Schulte etal., 2002).
patients with idiopathic PD (McGeer et al., 1988). Defects in mitochondrial energy metabolism are
Activated microglia are also found in the substan- also implicated in PD pathogenesis. MPTP has been
tia nigra of humans dying many yr after exposure used to model PD both in mice and primates (Beal,
to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 2001). There is substantial evidence that MPTP tox-
(MPTP) (Langstonetal., 1999). Increased interleukin icity involves mitochondrial dysfunction. MPTP is

"Author to whom all correspondence and reprint requests should be addressed: E-mail: fbeal@med.cornell.edu

Journal of Molecular Neuroscience 191 Volume 21, 2003



192 Klivenyi et al

metabolized to MPP÷ by monoamine oxidase B, and liquid chromatography (HPLC) with electrochemi-
is then taken up by the dopamine transporter and cal detection. Concentrations of dopamine and
accumulates in mitochondria, where it inhibits corn- metabolites were expressed as ng/mg of protein
plex I of the electron transport chain (Gluck et al., (mean ± S.E.M.).
1994; Beal, 2001). Similarly, systemic administration
of the complex I inhibitor rotenone produces an MPP# Levels
animal model of PD (Betarbet et al., 2000). To determine whether MPTP uptake or metabo-

We previously demonstrated that administration lism was altered, after 1 wk of supplemented or con-
of creatine exerts dose-dependent neuroprotective trol diets, MPTP 20 mg/kg was administered
effects against MPTP neurotoxicity (Matthews et al., intraperitoneally four times at 2-h intervals and mice
1999). Cyclooxygenase (COX) 2 is induced by werekilled90minafterthelastinjection.MPP+levels
cytokines, including IL-1IP and TNF-cz, and has been were quantified by HPLC with ultraviolet detection
implicated in neurodegeneration in a variety of set- at 295 nm. Samples were sonicated in 0.1 M per-
tings (Almer et al., 2001; ladecola et al., 2001; Hewitt chloric acid and an aliquot of supernatant was
et al., 2000). Cyclooxygenase converts arachidonic injected onto a Brownlee aquapore X03-224 cation
acid to PGH2, the precursor of PGE2, and several exchange column (Rainin, Woburn, MA). Samples
otherprostanoids. COX-1 is expressed constitutively, were eluted isocratically with 90% 0.1 M acetic acid
whereas the expression of COX-2 is induced in and 75 mM triethylamineHCI, pH2.3, adjusted with
inflamed tissue (Smith et al., 2000). Recently it was formic acid, and 10% acetonitrile (ng/mg protein).
shown that COX-2 inhibitors exert neuroprotective
effects against MPTP toxicity (Teismann et al., 2001; Histological Analysis
Teismann et al., 2003). In the present experiments, Three-month-old Swiss Webster mice were fed a
we therefore examined whether creatine could exert standard lab chow diet (control), or diet containing
additive neuroprotective effects when administered 2% creatine, 0.005% rofecoxib, or a combination
with rofecoxib, one of the two COX-2 inhibitors of 2% creatine and 0.005% rofecoxib. After 1 wk,
presently approved for use in man (Fitzgerald and MPTP (20 mg/kg, 5 mL/kg, intraperitoneally) or
Patrono, 2001). phosphate-buffered solution (PBS) (5 mL/kg,

intraperitoneally) was administered four times at
Materials and Methods 2-h intervals. One wk after the last MPTP or PBS

treatment, mice were deeply anesthetized with
Experimental Animals sodium pentobarbital (50 mg/kg, intraperitoneally)

Our experiments were conducted in accordance and perfused transcardially with ice-cold 0.9% NaCl
with the National Institutes of Health guidelines for followed by 4% paraformaldehyde in 0.1M phos-
the care and use of experimental animals. Male phate buffer, pH 7.4. Brains were removed, postfixed
3-mo-old Swiss-Webster mice were fed lab chow for 2 h in the same fixative, and then cryoprotected
diets supplemented with 2% creatine, or 0.005% in 30% sucrose overnight at 4°C. Serial coronal sec-
rofecoxib or their combination for I wk before MPTP tions (50 g m) were cut through the substantia nigra.
administration. Standard unsupplemented lab chow Three sets consisting of eight sections each, 150 g.m
diet served as a control. We examined 12 micein each apart were prepared for tyrosine hydroxylase (TH),
group for neurochemistry and 10 mice in each group COX-2, or 4-hydroxynonenal immunohistochem-
for histology. MPTP (20 mg/kg, 5 mL/kg, intraperi- istry using the avidin-biotin peroxidase technique.
toneally) was administered four times at 2-h inter- Briefly, free-floating sections were pretreated with
vals to the mice. The animals were killed I wk after 3% H20 2 in PBS for 30 min. The sections were incu-
MPTP treatment, and both striata were rapidly dis- bated sequentially in (1) 1% bovine serum albumin
sected on a chilled glass plate and frozen at -70°C. (BSA)/0.2% Triton X-100 for 30 min; (2) rabbit anti-
The samples were subsequently thawed in 0.4 mL TH affinity purified antibody (Chemicon, Temecula,
of chilled 0.1 M perchloric acid and sonicated. CA; 1:2000), rabbit anti-COX-2 (Cayman Chemical,
Aliquots were taken for protein quantification using Ann Arbor, MI; 1: 1000), or mouse anti-4-hydrox-
aspectrophotometric assay. Other aliquots were cen- ynonenal (1:1000) diluted in PBS/0.5% BSA) for
trifuged, and dopamine, 3,4-dihydroxyphenylacetic 18 h; (3) biotinylated anti-rabbit IgG (Vector Labo-
acid (DOPAC) and homovanillic acid (HVA) were ratories, Burlingame, CA; 1:200 in PBS/0.5% BSA)
measured in the supernatants by high performance for 1 h; and (4) avidin-biotin-peroxidase complex
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Fig. 1. Effects of MPTP on dopamine, DOPAC, and HVA in mice fed with creatine, rofecoxib, and their combination
diet. PBS Co = mice fed with unsupplemented diet and injected with PBS; MPTP Co = mice fed with unsupplemented
diet and injected with MPTP; CRT = mice fed with 2% creatine diet; rofec = mice fed with 0.005% rofecoxib;
rofec/crt = mice fed with 2% creatine and 0.005% rofecoxib combination diet. *p < 0.01, compared with PBS-treated
animals on normal diet, **p < 0.05 compared with MPTP-treated mice on normal diet. #p < 0.05 compared with MPTP
treated mice on creatine or rofecoxib diet.

(Vector; 1:200 in PBS) for I h. The immunoreaction DOPAC and HVA, which was significantly attenu-
was visualized using 3,3'-diaminobenzidine tetrahy- ated in mice fed with either creatine or rofecoxib
drochloride dihydrate (DAB) with nickel intensifi- (p < 0.05). In the combined treatment group the
cation (Vector) as the chromogen. All incubations DOPAC levels were significantly greater than those
and rinses were performed with agitation using an in the groups with the creatine or rofecoxib alone. A
orbital shaker at room temperature. The sections similar additive effectwas not seen with HVA, which
were mounted onto gelatin-coated slides, dehy- may be due to experimental variation. The reduced
drated, cleared in xylene, and coverslipped. The sensitivity to MPTP was not caused by an alteration
numbers of TH-immunoreactive cells in the sub- in uptake or metabolism of MPTP to MPP+ because
stantia nigra pars compacta (SNpc) were counted striatal MPP÷ levels did not significantly differ
using the optical fractionator method in the Stereo at 90 min after MPTP administration (MPP+
Investigator (v. 4.35) software program (Micro- 30.3±3.5ng/mgproteinincontrols,31.6±3.3ng/mg
brightfield, Burlington, VT). Results are expressed protein with creatine, and 38.9 ± 4.2 ng/mg protein
as the mean ± S.E.M. Statistical comparisons were with rofecoxib). The combination of creatine with
made using one-way analysis of variance followed rofecoxib also had no significant effect on MPP+
by Newman-Keuls post hoc tests. levels (34.7 ± 3.6 ng/mg protein).

Results Histology
In mice fed the control diet, MPTP significantly

The effects of administration of MPTP in controls reduced the numbers of TH-immunostained neu-
and mice fed with 2% creatine, or 0.005% rofecoxib rons in the substantia nigra pars compacta as com-
or their combination are shown in Fig. 1. The dose pared with PBS-treated mice by 32% (p < 0.001 vs
of MPTP we used (4 x 20 mg/kg), produced signif- PBS, Figs. 2 and 3) (n = 10/group). In MPTP-treated
icant dopamine depletion of 69% in mice fed with a mice, dietary treatment with 2% creatine or 0.005%
regular diet (n = 12/group). Either 2% creatine or rofecoxib significantly increased the number of sur-
0.005% rofecoxib significantly attenuated the viving TH-immunoreactive cells as compared with
dopamine depletion (p < 0.01). In mice fed with cre- mice that received the control diet (p < 0.001 vs con-
atine and rofecoxib combination, there was an trol). The combination of creatine and rofecoxib sig-
additive neuroprotective effect which was signifi- nificantly attenuated the TH-immunoreactive
cantly better than either creatine or rofecoxib alone neuronal loss (p < 0.001 vs control diet/MPTP)
(p < 0.01). MPTP produced a significant depletion of although the neuroprotection was not significantly
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Fig. 2. Effects of creatine and rofecoxib on MPTP-induced loss of TH-immunoreactive neurons in the substantia nigra
pars compacta. Cell counts were made using the optical fractionator method. Data are expressed as means ± S.E.M.
(n = 10 per group except control diet/PBS, in which n = 8). ***p < 0.001 vs control diet/PBS, creatine/MPTP,
rofecoxib/MPTP, or creatine+rofecoxib/MPTP.

greater than creatine or rofecoxib alone. This was stantia nigra of idiopathic PD patients as well as
not the result of downregulation of TH expression patients previously exposed to MPTP (McGeer et al.,
because adjacent Nissl sections showed identical 1998; Langston et al., 1999). In PD striatum, mes-
changes (data not shown). senger RNA for the complement components CQ

The pattern of COX-2 immunoreactivity in MPTP- and C9 is increased (McGeer et al., 2001). There is
treated mice that received creatine, rofecoxib or its an increase in a number of inflammatory cytokines
combination was similar to those treated with con- including TNF-ct as well as IL1-P within the sub-
trol diet (data not shown). 4-Hydroxynonenal stantia nigra of PD patients (Mogi et al., 1994a; Mogi
immunoreactivity increased in the remaining neu- et al., 1994b). After administration of MPTP to mice,
rons in the SNpc of control diet/MPTP-treated mice there is evidence for a microglial reaction (Kohut-
compared with the control diet/PBS group (Fig. 4). nicka et al., 1998; Kurkowska-Jastrzebska et al., 1999),
Creatine, rofecoxib, or its combination appeared to which is associated with an increase in proinflam-
reduce theintensityof4-hydroxynonenalimmunore- matory cytokines such as IL-13 (Mogi et al., 1998).
activity in the substantia nigra (Fig. 4). Administration of minocycline has neuroprotective

effects in the MPTP model, which are associated with
Discussion a reduction in activated microglia as well as a

decrease in mature IL- 13 (Du et al., 2001; Wu et al.,
There is substantial evidence implicating both 2002).

mitochondrial dysfunction and inflammatory mech- COX-2 is expressed and regulated in glial cells by
anisms in PD pathogenesis. Evidence for inflam- cytokines including IL-13 and lipopolysaccharide
matorymechanismscomesfromanumberofstudies. (Cao et al., 1994; O'Banion et al., 1996). Chronic infu-
There is an increase in activated microglia in the sub- sion of lipopolysaccharide for 2 wk into the sub-
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Fig. 3. Low and high magnification photomicrographs of representative TH-immunostained sections through the sub-
stantia nigra pars compacta of mice treated with PBS or MPTP that received control diet, creatine, rofecoxib, or a com-
bination of creatine and rofecoxib. A noticeable mitigation of MPTP-induced loss of TH-positive neurons occurred in
mice treated with creatine, rofecoxib, or their combination. Scale bar, 200 g for low magnification photos; 50 gi for high
magnification photos.

stantia nigra in rats results in rapid activation of 2 may play a role in its toxicity The enzyme was
microglia, followed by a delayed and gradual loss active both following MPTP and in PD substantia
of nigral neurons (Gao et al., 2002). COX-2 is also nigra as evidenced by increased PGE2 levels (Teis-
expressed in neurons after excitotoxic lesions, synap- mann et al., 2003).
tic excitation, cerebral ischemia, and in transgenic Several lines of evidence show that COX-2 con-
mouse models of myotrophic lateral sclerosis (ALS) tributes to neuronal cell death both in vitro and in
(Adams et al., 1996; Ho et al., 1998; Planas et al., 1999; vivo. Cyclooxygenase catalyzes the formation of
Iadecola et al., 2001; Almeret al, 2001).Arecent study prostaglandins, which involves reduction of a
showed that COX-2 immunoreactivity is expressed hydroperoxide, resulting in the generation of free
in dopaminergic neurons following MPTP as well radicals. Mice overexpressing COX-2 show increased
as in the substantia nigra of PD patients (Teismann vulnerability to kainic acid and have elevated lipid
et al., 2003). There was no expression in microglia, peroxidation (Kelley et al., 1999). Neuronal death
suggesting that cell autonomous expression of COX- mediated by N-methyl-D-aspartate is diminished in
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Fig. 4. Photomicrographs of representative 4-hydroxynonenal-immunostained sections through the substantia nigra
pars compacta of mice treated with PBS or MPTP, that received control diet, creatine, rofecoxib, or a combination of
creatine and rofecoxib. MPTP treatment increased neuronal staining in the substantia nigra pars compacta. Creatine,
rofecoxib, or their combination reduced perikaryal HNE immunoreactivity. Scale bar, 50 la.

a dose-dependent manner by COX-2 inhibitors in ated MPTP-induced loss of tyrosine hydroxylase
primary neuronal cultures (Hewett et al., 2000). immunoreactive neurons aswell as fibers in thestria-
Furthermore, transgenic mice that are deficient in turn (Teismann et al., 2003).
COX-2 show reduced susceptibility to N-methyl-D- We also examined whether administration of cre-
aspartate-induced excitotoxicity, focal ischemia, and atine either alone or in combination with rofecoxib
MPTP (ladecola et al., 2001; Teismann et al., 2003). could exert significant neuroprotective effects. Cre-

We previously showed that mice with a domai- atine administration can buffer into cellular energy
nant-negative inhibition of interleukin converting stores as well as inhibit opening of the mitochondr-
enzyme, the known activator of IL-1 13, have a marked ial permeability transition that is linked to both exci-
attenuation of MPTP induced neurodegeneration totoxic and apoptotic cell death (O'Gorman et al.,
(Klivenyi et al., 1999). IL-1f is known to induce 1997). Creatine protects creatine kinase from perox-
COX-2, a key enzyme involved in the production of ynitrite mediated damage (Wendt et al., 2002) and
both proinflammatory prostanoids as well as reac- contributes to reuptake of glutamate into synaptic
tive oxygen species (Smith et al., 2000). Furthermore, vesicles (Xu et al., 1996). We previously demonstrated
TNF-a activates COX-2 via the iNK pathway, which that creatine produces dose-dependent neuropro-
has also been implicated in MPTP neurotoxicity tective effects, against MPTP induced striatal
(Saporito et al., 1999; Saporito et al., 2000). dopamine depletion as well as loss of tyrosine

In the present experiments we found that the selec- hydroxylase positive neurons in thesubstantia nigra
tive COX-2 inhibitor rofecoxib exerted significant (Matthews et al., 1999) and this was confirmed in
neuroprotective effects against the MPTP neurotox- the present study. Because the primary neuropro-
icity. This is consistent with a recent study, which tective effects of COX2 inhibitors are anti-
showed that the COX-2 inhibitor meloxicam showed inflammatory and antioxidative, whereas the
protection against MPTP induced cell loss, and also primary neuroprotective effects of creatine are to
showed significant protection against impairment buffer intracellular energy stores, and both mecha-
of locomotor activity and depletion of striatal nisms are implicated in MPTP pathogenesis, we
dopamine (Teismann et al., 2001). Furthermore, examined whether they could exert additive neuro-
another recent study showed that rofecoxib attenu- protective effects. The anti-inflammatory drug
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minocycline exerts additive neuroprotective effects Betarbet R., Sherer T. B., MacKenzie G., Garcia-Osuna M.,
with creatine in a transgenic mouse model of amy- Panov A. V., and Greenamyre J. T. (2000) Chronic
otrophic lateral sclerosis (Zhu et al., 2003). Further- systemic pesticide exposure reproduces features of
more, a combination of minocycline, nimodipine, Parkinson's Disease. Nat Neurosci. 3, 1301-1306.mnd uore, a xcombinationo mine royline, nimodipineBlum-Degen D., Muller T., Kuhn W., Gerlach M., Przun-
and riluzoleexertedadditiveneuroprotectiveeffects tek H., and Riederer P. (1995) Interleukin-1 beta and
in a transgenic mouse model of amyotrophic lateral interleukin-6 are elevated in the cerebrospinal fluid of
sclerosis (Kriz et al., 2003). We previously showed Alzheimer's and de novo Parkinson's disease patients.
that the combination of coenzyme Q10 with the Neurosci. Lett. 202, 17-20.
N-methyl-D-aspartate antagonist remacemide exerts Cao X. and Phillis J. (1994) a-Phenyl-tert-butyl nitrone
additive neuroprotective effects in a transgenic reduced cortical infarct and edema in rats subjected to
mouse model of Huntington's disease (Ferrante et focal ischemia. Brain Res. 644, 267-272.
al., 2002). There is, therefore, ample precedent that Cicchetti E, Brownell A. L., Williams K., Chen Y. I., Livni E.,

and Isacson 0. (2002) Neuroinflammation of the nigro-agents targeting different disease mechanisms may striatalpathwayduringprogressive6-OHDAdopamine
exert additive or synergistic neuroprotective effects. degeneration in rats monitored by immunohistochem-

In the present experiments, creatine exerted sig- istry and PET imaging. Eur. J. Neurosci. 15,991-998.
nificant neuroprotective effects against MPTP, and, Du Y., Ma Z., Lin S., Dodel R. C., Gao E, Bales K. R., Tri-
when combined with rofecoxib, it produced addi- arhou L. C., et al. (2001) Minocycline prevents nigro-
tive neuroprotective effects. The effects of rofecoxib striatal dopaminergic neurodegeneration in the MPTP
were associated with a reduction in oxidative model of Parkinson's disease. Proc. Natl. Acad. Sci. USA

damage as assessed by 4-hydroxynonenal immuno- 98, 14669-14674.
Ferrante R. J., Andreassen 0. A., Dedeoglu A., Ferrantecytochemistry. This is consistent with a recent report K. L., Jenkins B. G., Hersch S. M., et al. (2002) Thera-

that administration of rofecoxib significantly peutic effects of coenzyme Q10 and remacemide in
reduced MPTP induced increases in 5-cysteinyl- transgenic mouse models of Huntington's disease.
dopamine, a stable adduct produced by COX-related J. Neurosci. 22, 1592-1599.
oxidation of dopamine. Both creatine and potent Fitzgerald G. A. and Patrono C. (2001) The coxibs, selec-
COX-2 inhibitors have been shown to be safe and tive inhibitorsofcyclooxygenase-2. N. Engf.J. Med. 345,

433-442.well tolerated in man and can, therefore, be readily Gao H. M., Hong J. S., Zhang W., and Liu B. (2002) Dis-examined in clinical trials. It is, therefore, possible tinct role for microglia in rotenone-induced degenera-
that a combination of creatine with a COX-2 inhibitor tion of dopaminergic neurons. J. Neurosci. 22, 782-790.
might prove to be useful as a strategy for neuro- Gluck M. R., Youngster S. K., Ramsay R. R., Singer T. P.,
protective treatment of PD. and Nicklas W. J. (1994) Studies on the characteriza-

tion of the inhibitory mechanism of 4'-alkylated
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Abstract

We determined the levels and tissue localization of matrix metalloproteinases (MMPs) as well as their endogenous tissue inhibitors
(TIMPs) in postmortem brain tissue from 13 patients with progressive supranuclear palsy (PSP) and 8 age-matched controls. MMP-9
expression was significantly increased in both the frontal cortex (p = 0.002) and substantia nigra (p = 0.003) of PSP cases as compared to
controls whereas MMP-1 levels were increased in the substantia nigra (p = 0.0 1) but unchanged in the frontal cortex (p= 0.41). Levels of the
endogenous tissue inhibitors of MMPs, TIMP-I and TIMP-2 were significantly elevated in the substantia nigra (TIMP-1: p-= 0.004, TIMP-2:
p = 0.01). Levels of TIMPs were unchanged in PSP frontal cortex as compared to control cases. Together, these data show alterations of
MMPs and TIMPs in the substantia nigra as well as in the frontal cortex of PSP, consistent with the possibility that alterations in MMPs/
TIMPs may' contribute to disease pathogenesis.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Matrix metalloproteinases; Supranuclear palsy; Substantia nigra

1. Introduction synthesized primarily by endothelial cells, astrocytes,
microglia and neurons [7]. Previous reports have indicated

Progressive supranuclear palsy is a rare neurodegenera- that MMPs are involved in the pathogenesis of neurodegen-
tive disorder, characterized by the appearance of supranu- erative diseases such as Alzheimer's- disease (AD) [8-10]
clear gaze palsy in addition to postural instability, dysarthria, and amyotrophic lateral sclerosis (ALS) [11,12], and most
truncal dystonia, parkinsonism and dementia. The hallmark recently Parkinson's disease (PD) [13].
pathology is the presence of straight neurofibrillary filaments Tight regulation of MMP expression occurs physiologi-
and tau-positive tangles and extensive neuronal degeneration cally and the major endogenous counter-regulators of
and gliosis in multiple nuclei located both within the basal MMPs, the tissue inhibitors of the matrix metalloproteinases
ganglia, forebrain and brainstem [1-3]. (TIMPs), are a family of at least four related proteins. In

The etiological basis of PSP is unknown; however, there addition to their MMP-inhibitory function, TIMP-1 and
is a growing body of evidence suggesting a contributory TIMP-2 may act as growth factors [14,15].
role of mitochondrial dysfunction and oxidative stress in the Based on the hypothesis that the generation of free
pathogenesis of PSP [4]. One consequence of increased radicals stimulates the expression/activity of MMPs and
oxidative stress may be the activation of matrix metal- that free radical-mediated damage is a key mediator of
loproteases (MMPs). MMPs are a family of Zn2 +-endopep- neuronal damage in PSP, it is tempting to speculate that
tidases that are characterized by their ability to digest MMPs may be involved in the pathophysiology of PSP. In
components of the extracellular matrix such as collagen, the present study, W7e measured the levels of MMP-2 and
proteoglycan and laminin [5,6]. MMPs in the brain are MMP-9 via zymography, levels of MMP-1 via western blot

analysis, and localized the tissue distribution of MMP-2 and
MMP-9 immunohistochemically in frontal cortical areas of

* Corresponding author. Tel.: +1-212-746-6575; fax: +1-212-746- PSP from pathologically confirmed cases of PSP and age-
8532. matched controls. We quantified the levels of TIMP-1 and

E-mail address. fbeal@med.comell.edu (M.F. Beal). TIMP-2 in PSP and control cases using ELISA.

0022-510X/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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2. Materials and methods from each sample homogenate was mixed with sample
buffer (62.5 mM Tris-HCl, 2% SDS, 25% glycerol,

2.1. Tissue specimens 0.01% bromophenol blue) and subjected to SDS-PAGE in
7.5% polyacrylamide gels containing 2 mg/ml gelatine type

Tissue from 13 cases with pathologically confirmed PSP A (Sigma G 2500). Gels were washed twice for 30 min in
(age = 73.23 ± 8.27 years, M/F = 8:7, PMI = 17.31 ± 7.67 h, 2% Triton X- 100 and incubated for 20 h in incubation buffer
data are mean ± standard deviation) and 8 control cases (50 mM Tris base, 5 mM CaCI2, 1 jiM ZnCI2, 0.01%
(age=74.38 ± 8.14 years, M/F=5:3, PMI= 16.50 ± 4.31 h) sodium azide, pH 7.5 at 37 °C). After incubation, gels were
was provided by the Harvard Brain Tissue Resource Center fixed in 20% trichloroacetic acid (Sigma) for 30 min and
(Belmont, MA, USA). Cortical tissue was available from all stained in 0.5% coomassie brilliant blue (Sigma) for 90 min.
cases; tissue from the substantia nigra was available from After staining, gels were destained in 35% ethanol and 10%
eight PSP and five control cases. There was no significant acetic acid for 60 min. Gelatinolytic activity was visible as
difference in age, PMI or gender between the PSP and clear bands on a blue background. Standard protein markers
control groups. Although there have been few studies, (BioRad) and human recombinant MMP-2 and MMP-9
limited evidence suggests that MMPs are stable postmortem (Oncogene Sciences) were used to size and confirm identity
[16]. The pathological diagnosis of PSP was made by of the gelatinolytic bands on the gels.
examination of the contralateral hemisphere using the
NINDS pathological criteria [2,3]. In all brains, genotyping 2.4. Western blot for MMP-1
and polymorphism analysis was performed to determine tau
haplotypes as described previously [17]. All PSP cases used MMP-I levels in the frozen postmortem brain tissue
in this study had the tau HI/HI genotype [18]. None of the were determined via western blot analysis as described
PSP brains examined showed any evidence of a coexisting previously [21]. Western blot was chosen because for
neurological disorder. The eight control brains examined MMP-1 no relevant zymography protocol was available.
had no pathological evidence of neurological disease. All In brief, equal amounts of protein from each sample were
tissue samples were stored at - 80 'C and processed in separated via SDS-PAGE on 7.5% polyacrylamide gels.
parallel. Proteins were transferred to polyvinylidene difluoride

(PVDF) membranes and blocked for 1 h in 5% dry milk
2.2. Extraction of matrix metalloproteinases out of brain in TBST (50 mM Tris base, 150 mM NaCI, 0.1%
tissue Tween-20, pH 7.4) at room temperature before an over-

night incubation at 4 'C with a monoclonal MMP-1
MMP extraction from postmortem brain tissue of PSP primary antisera (1:200; Oncogene Sciences). After vig-

cases was performed as previously described [19] with orous washes with TBST, the membranes were incubated
minor modifications. Tissue was homogenized in 10 vol. with horseradish peroxidase-conjugated secondary antisera
of cold lysis buffer (50 mM Tris-HCl, 150 mM NaCI, 5 (Jackson Laboratories) for 1 h at room temperature.
mM CaCI2, 0.05% BRIJ-35, 0.02% NaN 3, 1% Triton X- Immunoreactive bands were visualized using an enhanced
100, pH 7.6). After homogenization, the total protein was chemiluminescent system (SuperSignal, Pierce, Rockford,
measured (BioRad, protein assay). The homogenates were IL).
centrifuged at 12,500 x g at 4 'C for 5 min. For zymog-
raphy and Western blot analysis, the supematants were 2.5. Immunohistochemistry of MMP-2 and MMP-9 in
further incubated with a 1:4 volume of gelatin sepharose postmortem brain tissue
4B (Pharmacia Biotech, Uppsala, Sweden) for 1 h at 4 'C
with constant shaking. After centrifugation at 500 X g at 4 Ten-micron thick sections of formalin-fixed, paraffin-
°C for 5 min, the supematant was removed and the pellet embedded tissue from nine pathologically confirmed PSP
washed with buffer. After a second centrifugation at cases and six age-matched control cases were processed for
500 X g at 4 'C for 5 min, the supernatant was removed immunohistochemistry using standardized protocols [22].
and the pellet washed with buffer containing 10% DMSO. Various frontal cortical areas were evaluated. Tissue from
The sample was further incubated for 30 min under the substantia nigra was not available for immunohisto-
constant shaking and subjected to zymography. For ELISA chemistry. In brief, free-floating tissue sections were pre-
of TIMPs, the supernatant after the first centrifugation was treated with 30% methanol/H 20 with 0.3% H20 2 for 30 min
used. to destroy endogenous peroxidase activity, washed in PBS,

incubated in blocking buffer and avidin, washed again to
2.3. Zymography remove unbound avidin then incubated in primary antibody

(MMP-2 and MMP-9, both 1:50 dilution; Oncogene Scien-
Gelatinolytic (MMP-2 and MMP-9) activity was mea- ces) at 4 'C for 24-48 h. GFAP (Sigma) was used to

sured in postmortem brain tissue samples by zymography as confirm the presence of reactive astrocytes (1:200 dilution).
described previously [20]. Briefly, equal amounts of protein Tissue sections were washed, incubated in biotinylated IgG
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for 1 h, washed, incubated in avidin-biotin complex (Vec- [23]. Values were expressed as nanomoles per gram of
tastain Elite kit) and sites of bound antibody were visualized protein.
using H20 2-activated 3'3-diaminobenzidine (0.5 mg/ml).
Sections were rinsed, mounted onto gelatinized slides and 2.7. Statistical analysis
counterstained with hematoxylin.

Statistical analysis of differences in numeric parameters
2.6. TIMP-1 and TIMP-2 ELISA (Amersham) between groups was done using the two-tailed Mann-

Whitney U-test (InStat; GraphPad, San Diego, CA, USA).
Tissue samples were homogenized in cold lysis buffer Data are expressed as mean ± range. Differences were con-

at 4 'C. The homogenates were centrifuged at 12,000 x g sidered significant at p < 0.05.
for 5 minutes and the protein concentration in the super-
natants were determined (BioRad). Equal amounts of
protein from each sample were assayed according to 3. Results
manufacturer's instructions. After the incubation period,
the developing blue color was stopped using 1 mM 3.1. Levels of MMP-2, MMP-9 and MMP-J as well as
sulphuric acid and the yellow colour was read at 450 TIMP-1 and TIMP-2 in frontal cortex and substantia nigra
nm with a spectrophotometer. The following molecular
weights derived from the amino acid sequences were used MMP-9 levels were significantly increased in the frontal
for calculation: 20,695 for TIMP-1 and 21,740 for TIMP-2 cortex (p=0.002) and substantia nigra (p=0.003) from
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Fig. 1. Shows gelatine zymography of postmortem brain tissue from the substantia nigra from 5 PSP cases (@) and four controls (0) and of postmortem brain
tissue from frontal cortex from six PSP cases (0) and two controls (0). The graphs demonstrate the results of quantitative zymography of MMP-2 and MMP-9.
On zymography gels, the latent form of MMP-2 and MMP-9 appear. We found a significant increase of MMP-9 in the substantia nigra (p=0.003) and frontal
cortex (p = 0.002) as compared to controls. Levels of MMP-2 were unchanged.
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Fig. 2. Shows western blot analysis of postmortem brain tissue from substantia nigra of six PSP cases (*) and three control cases (o) and from frontal cortex
tissue of seven PSP cases and two controls as well as the graphs which demonstrate quantitative results of MMP-1. There is a statistically significant (p=0.01)
upregulation of MMP-l in the substantia nigra of PSP cases. Levels of MMP-I were unchanged in the frontal cortex of PSP cases as compared to controls.

PSP cases as compared to cortical and nigral samples from 3.2. Immunolocalization of MMPs in postmortem brain
age-matched control cases (Fig. 1). The band at 130 kDa is tissue from frontal cortex
thought to be a complex of MMP and TIMPI. Nigral
levels of MMP-l were significantly elevated (p=0.01), Using a monoclonal antibody to MMP-2, we observed
but no differences were observed in the frontal cortex of labeling of the walls of blood vessels in both control and
PSP cases relative to control cases (Fig. 2). Cortical and PSP brain sections. Consistent with our zymographic
nigral MMP-2 levels were not different between groups results, no differences in the intensity of MMP-2 immunos-
(Fig. 1). taining between controls and PSP cases were observed (Fig.

Both TIMP-1 (p=0.004) and TIMP-2 (p=0.01) levels 4). Also, neither neurons nor glial cells were labeled by the
were significantly higher in PSP substantia nigra. TIMP-1 MMP-2 antibody, which is consistent with previously pub-
levels in the frontal cortex were also elevated but the lished reports [11,13], and suggests that the endothelium is a
difference was not statistically significant (p=0.057). likely source of MMP-2 in brain tissue and plasma.
Cortical TIMP-2 levels were not different between groups The monoclonal antibody to MMP-9 labeled neurons and
(Fig. 3). some glia in PSP but not in control cases (Fig. 4). The
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Fig. 3. Graphs demonstrate that levels of TIMP-I and TIMP-2 are significantly elevated in the substantia nigra of PSP cases (O) but unchanged in the frontal
cortex as compared to control cases (0). Levels of TIMPs were measured by ELISA (Amersham). Bars indicate mean values.
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Fig. 4. Imnmunohistochemical staining was examined in frontal cortex of PSP and control cases. The pictures show staining for MMP-2 of a control (A) and
PSP case (B). The MMP-2 antibody labelled vessels but neurons were not stained. Staining for MMP-9 showed increased expression of MMP-9 in neurons and
some glia in the frontal cortex of PSP cases (C) but not in controls (D)). Neurons in control cases were only weakly labelled. The magnification confirms that
predominantly pyramidal neurons were labelled with antibody; however, some glial cells were stained with the MM-9 antibody 600 x.

pattern of immunoreactivity was predominantly cytoplas- found in the frontal cortex and substantia nigra in PSP
mic, with some labeling extending into the dendrites and cases.
axons. The nuclei were free of staining. We observed no In postmortem tissue from AD cases, MMP-1 was
MMP-9 immunoreactivity in blood vessels in either PSP or elevated in frontal, parietal, temporal and occipital cortex
control cases. [25]. In contrast, in PD cases, MMP-1 in the cortex,

hippocampus and substantia nigra were unchanged from
controls [13]. Interestingly, in PSP cases, MMP-I was

4. Discussion elevated in the substantia nigra, but not in frontal cortex.
The stimulus for elevated MMP- 1 and MMP-9 levels in PSP

In the present study, we found increased MMP- I activity substantia nigra remains unknown. Expression of MMPs
in the substantia nigra of PSP cases as compared to controls may be mediated by the MAP kinase pathway [26] or
as well as increased MMP-9 activity in PSP substantia nigra oxidative stress [27]. We previously showed that mitochon-
and frontal cortex. These data coupled with our results drial dysfunction and increased lipid peroxidation may play
showing increased TIMP-1 and TIMP-2 levels in PSP a role in PSP [17]. Expression of antioxidant enzymes
substantia nigra lends credence to the hypothesis that an (SOD1 and SOD2) is also increased in PSP brain [28].
imbalance in expression/activity of MMPs and TIMPs may One consequence of oxidative stress in PSP tissue may be
contribute to PSP pathophysiology, the activation of MMPs secondary to oxidative damage.

Increased expression of MMPs have been reported in Interestingly, in frontal cortex where MMP-9 was elevated,
postmortem tissue from other neurodegenerative diseases, no significant cell loss has been reported, whereas in the
particularly AD, ALS and PD [11,13,24]. In AD and ALS, substantia nigra in which there is neuronal loss, MMP-1 and
increased expression of MMvP-9 is found in the cerebral MMP-9 as well as TIMP-I and TIMP-2 are elevated. It is
cortex and spinal cord where it is localized primarily to therefore possible that MMP-1 is involved in cell loss in
neurons. Significant increases in tissue MMP-9 levels were PSP.
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Astrocytes release MMP- 1, when stimulated with IL-113, remodeling of neuronal circuits after injury-another pos-
and active recombinant MMP- 1, but not recombinant MMP- sible explanation for elevated TIMP levels in PSP substantia
9, which is toxic to spinal cord cultures and to human nigra.
neurons grown in dissociated cultures [29]. Activated In summary, we observed differences in the levels of
microglia may contribute to cell death and elevated MMP MMPs and TIMPs in postmortem PSP brain tissue as
production seen in PSP. However, tissue from the substantia compared to age-matched control brain tissue. The signif-
nigra was not available for immunohistochemistry for icance of these changes remains uncertain, but suggests
MMP-I. that an underlying imbalance in the MMP/TIMP regulatory

On our zymography gels only the proform of MMP-9, system may contribute to PSP pathophysiology. The ex-
MMP-2 and on western blot analysis the proform of tracellular matrix is an important cell survival factor and
MMP-1 were detected. This finding may be explained by changes in the cell-matrix interaction contribute to cell
the fact that MMPs once activated, rapidly degrade in the death. MMPs can exert direct neurotoxic effects (e.g.
extracellular space, or are inhibited by local tissue inhib- MMP-1) or indirectly cause cell death by degrading
itors of MMPs (TIMPs). TIMP-l is the endogenous extracellular matrix proteins (e.g. MMP-9). The present
counterregulator for MMP-9 and MMP-1. We found sig- study must be seen as preliminary, due to the retrospective
nificantly elevated levels of TIMP-1 in the substantia clinical data and the small number of patients. Neverthe-
nigra, and attenuated levels of TIMP-1 in the cortex, less, we observed a consistent pattern of MMP and TIMP
which may contribute to the absence of activated forms expression, suggesting that these enzymes may play a role
of MMPs in these brain regions. in PSP pathophysiology.
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The hallmark of Parkinson's disease (PD) is the selective loss of dopamine neurons in the ventral midbrain. Although
the cause of neurodegeneration in PD Is unknown, a Mendelian inheritance pattern is observed in rare cases,
indicating a genetic factor. Furthermore, pathological analyses of PD substantia nigra have correlated cellular
oxidative stress and altered proteasomal function with PD. Homozygous mutations in DJ-1 were recently described in
two families with autosomal recessive Parkinsonism, one of which is a large deletion that is likely to lead to loss of
function. Here we show that embryonic stem cells deficient in DJ-1 display Increased sensitivity to oxidative stress and
proteasomal inhibition. The accumulation of reactive oxygen species in toxin-treated D J-1-deficient cells initially
appears normal, but these cells are unable to cope with the consequent damage that ultimately leads to apoptotic
death. Furthermore, we find that dopamine neurons derived from in vitro-differentiated D J-1-deficient embryonic
stem cells display decreased survival and increased sensitivity to oxidative stress. These data are consistent with a
protective role for DJ-1, and demonstrate the utility of genetically modified embryonic stem cell-derived neurons as
cellular models of neuronal disorders.

Citation: Martinat C, Shendelman S, Jonason A, Leete T, Beal MF, et al. (2004) Sensitivity to oxidative stress in DJ-1-deficient dopamine neurons: An ES-derived cell model of
primary parkinsonism. PLoS Biol 2(11): e327.

Introduction autosomal recessive PD (Hattori et al. 2000). Parkin is a
ubiquitin ligase that appears to participate in the protea-

Parkinson's disease (PD) is a progressive neurodegenerative some-mediated degradation of several substrates (Staropoli et
disorder characterized by rigidity, slowed movement, gait al. 2003).
difficulty, and tremor at rest (Dauer and Przedborski 2003). Homozygous mutations in a third gene, DJ-1, were recently
The pathological hallmark of PD is the relatively selective loss associated with autosomal recessive primary parkinsonism
of dopamine neurons (DNs) in the substantia nigra pars (Bonifati et al. 2003). DJ-1 encodes a ThiJ domain protein of
compacta in the ventral midbrain. Although the cause of 189 amino acids that is broadly expressed in mammalian
neurodegeneration in PD is unknown, a Mendelian inher- tissues (Nagakubo et al. 1997). Interestingly, DJ-1 was
itance pattern is observed in approximately 5% of patients, independently identified in a screen for human endothelial
suggesting a genetic factor. Extremely rare cases of PD have cell proteins that are modified with respect to isoelectric

been associated with the toxin 1-methyl-4-phenyl-1,2,3,6- point in response to sublethal doses of paraquat (Mitsumoto

tetrahydropyridine, which is taken up specifically by DNs and Nakagawa 2001; Mitsumoto et al. 2001), a toxin that

through the dopamine transporter and is thought to induce generates reactive oxygen species (ROS) within cells and has

cellular oxidative stress. Population-based epidemiological
studies have further supported roles for genetic and environ- Received April 28, 2004; Accepted July 29, 2004; Published October 5, 2004
mental mechanisms in the etiology of PD (Dauer and DOI: 10.1371/journal.pbio.0020327

Przedborski 2003; Jenner 2003). Copyright: © 2004 Martinat et al. This is an open-access article distributed

The identification of several genes that underlie familial under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the

forms of PD has allowed for the molecular dissection of original work is properly cited.

mechanisms of DN survival. Autosomal dominant mutations Abbreviations: 6-OHDA, 6-hydroxydopamine; DAT, dopamine transporter DHR,

in oc-synuclein lead to a rare familial form of PD (Polymer- dihydrorhodamine-123; DIV, d in vitro; DN, dopamine neuron; E[number],
opoulos et al. 1997), and there is evidence that these embryonic day [number]; ES, embryonic stem; FACS, fluorescence-activated cell

sorter; Mir, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PARP,
mutations generate toxic, abnormal protein aggregates poly(ADP-ribose)polymerase-1; PI, propidium iodide; PD, Parkinson's disease; RNAi,

(Goldberg and Lansbury 2000) and cause proteasomal RNA interference; ROS, reactive oxygen species; SDIA, stromal cell-derived
inducing activity; SEM, standard error of the mean; shRNA, short hairpin RNA;

dysfunction (Rideout et al. 2001). A majority of patients with TH, tyrosine hydroxylase; WT, wild-typesporadic PD harbor prominent intracytoplasmic inclusions,
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termed Lewy bodies, enriched for ta-synuclein (Spillantini et
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DJ-1 Protects from Oxidative Stress

been associated with DN toxicity (McCormack et al. 2002). DJ-1 Protects Cells from Oxidative Stress and Proteasomal
Gene expression of a yeast homolog of DJ-I, YDR533C, is Inhibition
upregulated in response to sorbic acid (de Nobel et al. 2001), DJ-1 has been hypothesized to function in the cellular
an inducer of cellular oxidative stress. These results suggest a response to oxidative stress. To investigate the role of DJ-1 in
causal role for DJ-1 in the cellular oxidative stress response. the oxidative stress response in vivo, DJ-1-deficient knockout

Surprisingly, animal models that harbor genetic lesions and heterozygous ES cell clones were analyzed for cell
that mimic inherited forms of human PD, such as homo- viability in the context of increasing concentrations of
zygous deletions in Parkin (Goldberg et al. 2003; Itier et al. H 2 0 2 . Heterozygous cells were used as controls because the

2003) or overexpression of ct-synuclein (Masliah et al. 2000; knockout subclones were derived from these. Cell viability
Giasson et al. 2002; Lee et al. 2002), have failed to recapitulate was initially determined by MTT assay (which detects
the loss of dopamine cells. An alternative approach, the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
genetic modification of midbrain DNs in vitro (Staropoli et lium bromide [MTT] by metabolic enzymes) in triplicate
al. 2003), is potentially useful but limited by the difficulty and (Fezoui et al. 2000). Exposure to H 2 0 2 led to significantly
variability in culturing primary postmitotic midbrain neu- greater toxicity in the DJ-1-deficient cells; similar results were
rons. Other studies have focused on immortalized tumor cell obtained with multiple knockout subclones in independent

lines, such as neuroblastoma cells, but these may not experiments (Figures ID and 2A). In contrast, in the absence
accurately model the survival of postmitotic midbrain of toxin, heterozygous and knockout cells displayed compa-
neurons. rable viability in the MTT assay (Figure S2). Consistent with

Here we show that DJ-1-deficient cells display increased the MTT assay, fluorescence-activated cell sorting (FACS)
sensitivity to oxidative stress. DNs appear to be particularly analysis of cells stained with annexin V (AV) and propidium
sensitive to the loss of DJ-1. The initial accumulation of ROS iodide (PI) revealed increased death of knockout cells
is normal in DJ-1-deficient cells, but subsequent cellular compared to heterozygous cells in the context of H 2 0 2

defenses to ROS are impaired, leading to increased apoptosis. exposure (Figure IE). The increase in AV-positive cells

implicated an apoptotic mechanism of cell death (Figure
Results IF). Furthermore, when exposed to H 2 0 2, knockout cells

Generation of DJ-1-Deficient ES Cells displayed potentiated cleavage of poly(ADP-ribose)polymer-

To investigate the normal cellular function of DJ-1 and the ase-1 (PARP) in a pattern indicative of an apoptotic death

pathogenic mechanism of the PD mutations, we generated program (Gobeil et al. 2001) (Figure IG).

cells deficient in DJ-1. A murine embryonic stem (ES) cell Additional toxin exposure studies demonstrated that DJ-1-

clone, F063A04, that harbors a retroviral integration at the deficient cells were sensitized to the proteasomal inhibitor
DJ-1 locus was obtained through the German Gene Trap lactacystin (Figure 2B), as well as to copper (Figure S2), which

Consortium (http://tikus.gsf.de) (Figure IA; Floss and Wurst catalyzes the production of ROS. We did not observe altered

2002). This integration is predicted to disrupt the normal sensitivity to several other toxins, including tunicamycin (an
splicing of DJ-1, leading to the generation of a truncated inducer of the unfolded protein response in the endoplasmic

protein that lacks the carboxy-terminal domain required for reticulum; Figure 2C), staurosporine (a general kinase
dimerization and stability (unpublished data). Of note, a inhibitor that induces apoptosis) (Figure S2), or cyclohex-
mutation that encodes a similarly truncated protein (at the imide (an inhibitor of protein translation) (unpublished
human DJ-1 exon 7 splice acceptor) has been described in a data).
patient with early-onset PD (Hague et al. 2003).

To generate ES cell subclones homozygous for the trapped Wr but Not PD-Associated L166P Mutant DJ-1 Protects

DJ-1 allele, clone F063A04 was exposed to a high dose of the Cells from Oxidative Stress
antibiotic G418, which selects cells that are homozygous for To confirm that altered sensitivity to oxidative stress is a

the neomycin resistance gene insertion (Mizushima et al. consequence of the loss of DJ-1, we performed rescue

2001). Several homozygous mutant ES cell subclones (that had experiments by overexpressing WT or mutant human DJ-1

undergone gene conversion at the DJ-1 locus) were identified in knockout ES cells. Plasmids encoding human Flag-tagged

by Southern blotting (Figure 1B). To confirm that the trapped WT DJ-1, Flag-tagged PD-associated L166P mutant DJ-1, or

allele leads to the loss of wild-type (WT) DJ-I protein, cell vector alone, were transiently transfected into DJ-1-deficient

lysates from homozygous DJ-1-deficient (also termed "knock- clones, and these were subsequently assayed for sensitivity to

out" here) ES cell clones as well as the parental heterozygous H 20 2 using the MTT viability assay. DJ-1-deficient cells
clone were analyzed by Western blotting using polyclonal transfected with a vector encoding Flag-WT human DJ-1
antibodies to the amino-terminal region of DJ-1 (amino acids were effectively rescued in terms of viability in the presence
64-82) or full-length DJ-1 protein (unpublished data). Neither of H 2 0 2 (Figure 2D); Thus, viability in rescued knockout cells
full-length nor truncated DJ-1 protein products were mimicked the viability of untransfected heterozygous cells in
detected in knockout clones (Figure IC), consistent with the context of H 2 0 2 treatment (Figure 2A and 2D). In
instability of the predicted truncated DJ-I product. In contrast, transfection of knockout cells with a vector

addition, no full-length DJ-1 RNA was detected in cultures encoding the PD-associated L166P mutant DJ-1 did not
of knockout cells (Figure SI). In contrast, heterozygous and significantly increase the viability of H 20 2 -treated knockout

WT ES cells express high levels of DJ-1. Initial phenotypic cells (Figure 2D). Baseline cell viability in the absence of toxin
analysis of knockout subclones indicated that DJ-I is not exposure was not altered by DJ-1 overexpression, and
essential to the growth rate of ES cells in culture, consistent Western blotting of lysates from transfected cells with an
with the viability of humans homozygous for DJ-1 mutations. antibody specific to human DJ-1 demonstrated that trans-
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Figure 1. DJ-l-Deficient ES Cells Are Sensitized to Oxidative Stress
(A) Schematic map of the murine DJ-1 gene in clone F063A04. The retroviral insertion places the engrailed-2 (En2) intron, the splice acceptor
(SA), and the P-galactosidaselneomycin resistance gene fusion (jl-geo) between exons 6 and 7.
(B) Southern blot analysis of KpnI-digested genomic DNA from DJ-1 homozygous mutant (-/-), WT (-+4+), and heterozygous (+I-)cells, probed with
murine DJ-1 cDNA. WT DNA shows a predicted 14-kb band (WT), whereas the mutant allele migrates as a 9-kb band (insertion).
(C) Western blot (WB) of ES cell lysates from WT (44+), DJ-1 heterozygous (-44-), and mutant homozygous (-I-) clones with antibodies to murine
DJ-1 (ct-DJ-1) or fI-actin (ci-13-actin). DJ-1 migrates at 20 kDa, 3-actin at 45 kDa.
(D) ES cells were exposed to 0, 5, 10, and 20 VM H20 2 for 15 h and viability was assayed by MTT. Responses of DJ-1 heterozygous cells (diamonds)
and DJ-1 knockout clones 9 (open circles), 16 (solid circles), 23 (squares), and 32 (triangles) are shown. ** p <_ 0.01; *** p < 0.0001.
(E and F) Cell death of DJ-1 heterozygous and DJ-1-deficient cells (clone 32) after exposure to H20 2 (10 pM) was quantified by staining with PI
and an antibody to AV with subsequent FACS analysis. AV staining marks cells undergoing apoptosis, whereas PI staining indicates dead cells. * p
< 0.05.
(G) DJ-1 heterozygous (+/-) and knockout (clone 32; -I-) cells were assayed at 1, 6, and 24 h after treatment with 10 PM H20 2 by Western blotting
for cleaved PARP (89 kDa), which indicates apoptosis. No band is seen for cleaved PARP or I3-actin for the DJ-1-deficient cells at 24 h due to cell
death. Data represent means ± standard error of the mean (SEM) and were analyzed by ANOVA with Fisher's post-hoc test.
DOI: 10.1371/journal.pbio.0020327.g001
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A B Figure 2. Specificity and Mechanism of
Altered Toxin Sensitivity In D J-l-Deficient
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60- 60- 15 h exposure to H 20 2 (A), lactacystin
40 . (B), or tunicamycin (C) as assayed by
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Tunicamycin (lIg/mi) as determined by Western blotting (Fig-

ure S1). * P < 0.05.
E F (E) DJ-1-deficient cells (clone 32; open
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fected Flag-WT DJ-1 and Flag-L166P mutant DJ-1 accumu- DJ-1-deficient cells. These data suggest that initial ROS
lated comparably (Figure S2). accumulation is not altered by DJ-1 deficiency, but that the

mutant cells are unable to appropriately cope with the
DJ-1 Deficiency Does Not Alter the H20 2-Induced consequent damage. Consistent with this result, no antiox-
Intracellular ROS Burst idant or peroxiredoxin activity with purified DJ-1 protein in

We hypothesized that DJ-1 either alters the initial vitro was detected (S.S. and A.A., personal communication).
accumulation of intracellular ROS in response to H 2 0 2

exposure, or that it functions downstream of the ROS burst DJ-1 Is Required for Survival of ES Cell-Derived DNs
and protects cells from consequent damage. Therefore, we Several methods have been established for the differ-
quantified the accumulation of ROS in response to H 2 0 2  entiation of ES cells into DNs in vitro (Morizane et al. 2002).
treatment in knockout and heterozygous cells using the ROS- To extend our analysis of DJ-1 function to DNs, we
sensitive fluorescent indicator dye dihydrorhodamine-l23 differentiated DJ-l-deficient ES cells or control heterozy-
(DHR) and FACS analysis. Initial ROS accumulation (at 15 gous cells into DNs in vitro by coculture with stromal cell-
min after stimulation) appeared unaltered in the DJ-1- derived inducing activity (SDIA; Figure 3A) (Morizane et al.
deficient cells in comparison to control heterozygous cells 2002; Barberi et al. 2003). DNs were quantified by
(Figure 2E). Consistent with this, accumulation of protein immunohistochemistry for tyrosine hydroxylase (TH; a
carbonyls, an index of oxidative damage to proteins (Sherer marker for DNs and other catecholaminergic cells), or by
et al. 2002), appeared normal initially (at 1 h after toxin analysis of dopamine transporter uptake activity (a quanti-
exposure; Figure 2F). However, at 6 h after toxin exposure, a tative DN marker) (Han et al. 2003). Production of DNs
point at which knockout cells already display increased appeared to be significantly reduced in knockout ES cell
apoptosis (as indicated by PARP cleavage; see Figure IG), cultures compared to parental heterozygous cultures at 18
protein carbonyl accumulation was robustly increased in the days in vitro (DIV) as determined by both dopamine uptake
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A Figure 3. DJ-1-Deflcient ES Cell Cultures
StromalCell% MS5 1,600. Display Reduced DN Production

1,400. (A) The SDIA coculture method. Dj-1
+ Serum knockout or control heterozygous ESI 1.200, cells are cocultured with mouse strotnal
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ES cells 800 * leukemia inhibitory factor for 18 DIV.

0 " (B) DN production was quantified at 18
- Serum In600 DIV by H-dopamine uptake assay. DJ-1-
-Lif 4 deficient ES cell cultures were defective
18 days 2relative to heterozygous control cultures.
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and TH immunoreactivity (Figures 3B and 3C; 4A-4L). In subsequently the DJ-1-deficient cultures appeared defective
contrast, general neuronal production did not appear (Figure 3F). Consistent with this, intracellular dopamine
altered in this assay in terms of the postmitotic neuronal accumulation (as quantified using high-performance liquid
marker Tuj1 (a monoclonal antibody specific to neuronal, chromatography) was significantly reduced in DJ-l-deficient
not glial, class M I3-tubulin) (Figures 3E and 4A-4L'); other cultures (6.4 ± 1.5 ng dopamine/mg protein) relative to
neuronal subtypes also appeared normal, including GA- control heterozygous cultures (66.0 ± 17.4 ng/mg) at 35 DIV.
BAergic (Figures 3D and 4A'-4L') and motor neurons (HB9- These data strongly suggest that DJ-1 deficiency leads to loss
positive; Figure S5). To investigate whether the reduction in of DNs, rather than simply to downregulation of cell marker
DNs in DJ-1-deficient cultures is due to defective generation expression.
or survival, a time course analysis was performed. At early We hypothesized that DJ-1-deficient DNs may be sensi-
time points (8 and 12 DIV), dopamine uptake activity was tized to oxidative stress, akin to DJ-1-deficient undiffer-
comparable in WT and DJ-1-delficient cultures, whereas entiated ES cells. To test this, DN cultures from DJ-1-

Figure 4. Neuronal Differentiation of D J-1-Deficient and Control Heterozygous ES Cell Cultures
(A-L) Dj-I heterozygous (14-; A-F) and knockout (-I- [clone 32]; G-L) cultures were differentiated by SDIA for 18 DIV and immunostained with
antibodies to TH (green) and TuJI (red). Images of both (Merge) are also shown.
(A'-L') Immunostaining of DJ-1 heterozygous (+4-, A'-F') and deficient (-/-, G'-L') cultures with antibodies for GABA (green) and TuJI (red).
Scale bar, 50 lgm. Images of both (Merge) are also shown.
DOI: 10.1371/journal.pbio.0020327.g004
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deficient or heterozygous control ES cell cultures at 9 DIV differentiation of DNs, these data suggest that DJ-1
were exposed to oxidative stress in the form of 6- deficiency leads to reduced DN survival and predisposes
hydroxydopamine (6-OHDA), a DN-specific toxin that enters these cells to endogenous and exogenous toxic insults.

DNs through the dopamine transporter and leads to RNAi "Knockdown" of DJ-1 in Midbrain Embryonic DNs
oxidative stress and apoptotic death (Dauer and Przedborski Leads to Increased Sensitivity to Oxidative Stress2003). DJ-1-deficient DNs displayed an increased sensitivity To confirm the role of DJ-1 in primary midbrain DNs, DJ-1
to oxidative stress in this assay (Figure 3G). Post-hoc analysis expression was inhibited by RNA interference (RNAi) in
of the data indicates that the difference among genotypes is embryonic day 13.5 (E13.5) murine primary midbrain
maximal at an intermediate dose of toxin (50 pM); at the cultures by lentiviral transduction of short hairpin RNAs
highest dose of 6-OHDA employed (100 pM), the difference (shRNAs) (Figure 5) (Rubinson et al. 2003). E13.5 midbrain
is lessened (because the heterozygote is increasingly affected cultures (Staropoli et al. 2003) were transduced with a
as well), indicating that DJ-1-mediated protection is limited. lentiviral vector that includes a gene encoding the green
Although we cannot exclude a role for DJ-I in the late-stage fluorescent protein marker eGFP, along with shRNAs

GFP dTH aDAT MERGE Figure 5. RNAI "Knockdown" of DJ-1 In
Primary Embryonic Midbrain DNs Display
Increased Sensitivity to Oxidative Stress
(A-P) Primary midbrain cultures from

OPM E13.5 embryos were infected with lenti-
viral vectors encoding DJ-1 shRNA (or
vector alone) under the regulation of the

Vector control vector (A-H) or the U6 promoterVector (I-P) Cells were cultured for 1 wk after

infection and then exposed to H20 2 (5
p.M; E-H and M-P) for 24 h. Cultures

5 pM were immunostained for TH (B, Fj, and
N) or DAT (C, G, K, or 0) and visualized
by confocal microscopy. Images contain-
ing all stains are included (Merge; D, H,

ll1, Land P). Scale bar, 100 pm.

(Q) Cell lysates prepared from midbrain
primary cultures infected with DJ-1

OPM shRNA lentivirus (or control vector)
were analyzed by Western blotting for
murine DJ-1 or P-actin.

J- ME(R-T) Quantification of TH, DAT, and
shRNA GFP signal was performed on ten ran-

domly selected fields in each of three
wells for each condition. Red triangles,

5 PM DJ-1 shRNA treated; black circles, con-
trol vector. Data represent the means A VSEM and were analyzed by ANOVA

followed by Fisher's post-hoc test. * p <0.05.
DOI: 10.1371/journal.pbio.0020327.g005
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homologous to murine DJ-1. DJI-shRNA virus-infected cells whereas survival of the primary embryonic midbrain RNAi
displayed efficient silencing of DJ-1 gene expression to 10%- knockdown DNs appears to be similar to WT cells. We

20% of control vector-infected cultures (as determined by hypothesize that this discrepancy reflects the activity of
Western blotting [Figure 5Q]). Transduction efficiency, as residual DJ-1 (approximately 10%-20%) in the RNAi knock-
assessed by visualization of the fluorescent eGFP marker, down cultures. Alternatively, the knockout ES cell-derived
exceeded 95% in all cases (Figure 51 and unpublished data). DNs may be exposed to a greater degree of oxidative stress in
After 7 DIV, cultures were exposed to H 20 2 for 24 h and then vitro than are the knockdown-derived DNs even in the
evaluated for DN survival as quantified by immunostaining absence of added toxin. The mechanism by which DNs are
for TH and dopamine transporter (DAT). preferentially targeted for destruction in the absence of DJ-1

Midbrain cultures transduced with DJ-1 shRNA virus and is unclear. It has been proposed that DNs are subject to high

with control vector displayed similar numbers of TH-positive levels of endogenous oxidative stress that may relate to
neurons in the absence of exposure to H 2 0 2 (Figure 5A-D, 51- dopamine metabolism (Jenner and Olanow 1998).
L, and 5R-S). In contrast, in the presence of H 2 0 2 , DJ-1- DJ-1 is structurally modified in the context of cellular
deficient cultures displayed significantly reduced DN survival oxidative stress (Mitsumoto and Nakagawa 2001), suggesting a
as quantified by immunohistochemistry for TH or DAT possible function. Two recent studies (Yokota et al. 2003;

(Figure 5E-H, 5M-P, 5R-S). These studies were repeated Taira et al. 2004) investigated the role of DJ-1 in the oxidative
three times with similar results. The reduction in DAT stress response of neuroblastoma tumor cells. Both studies
immunoreactivity appears to be more robust than the used RNAi to perturb the expression of DJ-1 in neuro-
reduction in TH-positive cell number in the context of blastoma tumor cell lines, and suggested that DJ-1 deficiency
H 2 0 2; this may reflect the differential localization of DAT to sensitizes cells to oxidative stress; these results are consistent
DN processes, whereas TH is primarily in the cell body. As we with our data. Taira et al. (2004) further reported that
described in a previous manuscript, nondopaminergic cells in overexpression of DJ-1 in neuroblastoma cells leads to a
the E13.5 primary midbrain cultures are predominantly reduction in ROS accumulation and hypothesized that DJ-1
GABAergic neurons (90%-95%) (Staropoli et al. 2003). Total may harbor antioxidant activity in vivo. In contrast, we find
embryonic midbrain neurons transduced with either DJ-1 that ES cells that are deficient in DJ-1 display a normal initial
shRNA or vector displayed comparable survival in the context burst of ROS in the context of H 20 2. Consistent with this, we
of toxin exposure, suggesting that DJ-1 deficiency leads to a fail to detect DJ-1 antioxidant activity in vitro (Shendelman
relatively specific alteration in DN survival (Figure 5T). These et al. 2004).
data are consistent with the analyses of ES cell-derived DNs Finally, this study presents a novel, ES cell-based genetic
above and indicate that DJ-1 is required for the normal approach to the study of neurodegenerative disorders. Mouse
survival of midbrain DNs in the context of toxin exposure. genetic models of disease are often limited by the inherent

variability of animal experiments, the limited mouse life span,

Discussion and the difficulties in manipulating whole animals. For
instance, genetic rescue experiments and toxicological dose-

In this study we present evidence that DJ-1 is an essential response studies are impractical in whole animals. Further-
component of the oxidative stress response of DNs. DJ-1- more, genetic cell models are more readily amenable to
deficient cells display an apparently normal initial burst of molecular dissection of disease mechanisms than are whole
ROS in response to H 20 2, but they are unable to cope with animals. Thus, genetically altered, ES cell-derived neurons
the consequent toxicity, culminating in apoptosis. Addition- are likely to be generally useful as cellular models of
ally, we find that DJ-1 deficiency sensitizes cells to the neurodegenerative disorders. Future studies may also utilize
proteasomal inhibitor lactacystin but not other toxic stimuli available human ES cells to investigate species differences.
such as tunicamycin. Proteasomal inhibition induces the
accumulation of short-lived and misfolded cytoplasmic Materials and Methods
proteins, leading to oxidative stress and apoptosis (Demasi
and Davies 2003). ROS and proteasomal inhibition have Cell culture. Undifferentiated ES cells were cultured using
previously been correlated with PD pathology (Dauer and standard techniques (Abeliovich et al. 2000). SDIA differentiation

of ES cell cultures to DNs was performed as described in Kawasaki et
Przedborski 2003), and it is therefore tempting to hypothesize al. (2000), except that ES cells were plated at a density of 500 cells/cm2
that DJ-1 mutations lead to PD because of an increased rather than approximatively 1,000 cells/cm 2 , and were cocultured
sensitivity to such stressors. with the MS5 mouse stromal cell line (Barberi et al. 2003). For rescue

experiments, cells were plated at a cell density of 1.4 X 106 cells/well.
The apparent cell-type specificity of DN impairment in Transfections with plasmids encoding human Flag-WT DJ-1, PD-

patients with the Parkinsonism-associated DJ-1 mutation is associated L166P mutant DJ-1, or vector alone, were performed using
not predicted by the ubiquitous expression of DJ-1 (Nagaku- Lipofectamine 2000 (Life Technologies) for 18-36 h according to the
bo et al. 1997). In this study, we find that DJ-1 protects both manufacturer's instructions (Staropoli et al. 2003). 24 hours post-

transfection, cells were split into 96-well plates and treated as
dopaminergic and nondopaminergic cells from oxidative described below. Primary cultures and lentiviral transductions were
insult. However, DJ-1-deficient DNs appear to be especially performed as described in Staropoli et al. (2003).
sensitive to oxidative insult, suggesting relative cell-type Generation of knockout ES cell clones. The pTlATG3geo gene trap

vector, which includes Pgeo, a fusion of the genes for P-galactosidase
specificity to the consequences of DJ-1 deficiency. Similar and neomycin resistance, is present between exons 6 and 7 of the
results are observed in DJ-1-knockout ES cell-derived DNs murine DJ-I gene, as determined by cDNA sequencing of trapped
(which are devoid of any detectable DJ-1) and in primary DNs transcripts and genomic analysis (Figure IA). To select for ES cell
with DJ-1 levels reduced by RNAi "knockdown." However, we subclones homozygous for the trapped DJ-1 allele, we treated clone

F063A04 with 4 mg/ml G418. Several subclones that were homozygous
find that even in the absence of exogenous toxin exposure, for the mutant DJ-1 allele were identified by Southern blotting (see
the knockout ES cell-derived DNs display reduced survival, Figure 1B), and three were chosen for further experimentation:
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clones 9, 23, and 32. To confirm that the trapped allele leads to the normalized for protein concentration with the underivitized control
loss of wild-type (WT) DJ-1 protein, cell lysates from these clones, as samples.
well as from the parental heterozygous clone, were analyzed by
Western blotting using polyclonal antibodies to the amino-terminal
region of DJ-1 or the full-length DJ-1 protein. For Western blotting, Supporting Information
cells were resuspended in 50 mM Tris-HCI (pH 7.4), 150 mM NaCI,
and 0.2% Triton X-100, and incubated at 4 °C, rotating for 20 min. Figure Si. Quantitative Real-Time PCR for DJ-1 Gene Expression
Cleared lysate was prepared by centrifuging the lysate at 13,000 rpm (A) Real-time PCR analyses of DJ-1 cDNA in WT (+4+), heterozygous
for 10 min at 4 *C. (44-), and knockout (-/-) cultures. Each expression value was

Antibodies. A rabbit polyclonal antibody to DJ-1 was generated normalized to that of P-actin and expressed relative to the respective
against the synthetic polypeptide QNLSESPMVKEILKEQESR, which value of the WT (+4) control. These gene expression patterns were
corresponds to amino acids 64-82 of the mouse DJ-1 protein, replicated in at least three independent PCR experiments. Total RNA
Antiserum was produced by the Polyquick polyclonal antibody from ES cells differentiated with the SDIA method for 18 days was
production service of Zymed Laboratories (South San Francisco, isolated using the Absolutely RNA Miniprep kit (Stratagene, La Jolla,
California, United States). The antiserum was affinity-purified on a California, United States). Synthesis of cDNA was performed using
peptide-coupled Sulfolink column (Pierce Biotechnology, Rockford, the SuperScript first strand synthesis system for RT-PCR (Invitrogen).
Illinois, United States) according to the manufacturer's instructions. Real-time PCR reactions were optimized to determine the linear
Antibody was used at a dilution of 1:200 for immunohistochemistry amplification range. Quantitative real-time RT-PCRs were performed
and Western blotting as described (Staropoli et al. 2003). Immuno- (Stratagene MX3000P) using the QuantiTect SYBR Green PCR Master
histochemistry was performed with a rabbit polyclonal antibody to Mix (Qiagen, Valencia, California, United States) according to the
TH (PelFreez, Rogers, Arizona, United States; dilution 1:1000), the manufacturer's instructions. DJ-1 primer sequences were 5'-CGAA-
mouse monoclonal antibody to neuronal class III 3-tubulin Tuj1 GAAATTCGATGGCTTCCAAAAGAGCTCTGGT-3' and 5'-CA-
(Covance, Princeton, NewJersey, United States; dilution 1:500), and a GACTCGAGCTGCTTCACATACTACTGCTGAGGT-3'; primers
rabbit polyclonal antibody to GABA (Sigma, St. Louis, Missouri, used for P-actin were 5'-T'ITrGGATGCAAGGTCACAA-3' and 5,-
United States; dilution 1:1000). Western blotting was performed using CTCCACAATGGCTAGTGCAA-3'. For quantitative analyses, PCR
a polyclonal antibody to cleaved PARP (Cell Signaling Technology, product levels were measured in real time during the annealing step,
Beverly, Massachusetts, United States; dilution 1:500), a monoclonal and values were normalized to those of f3-actin.
antibody to DJ-1 (Stressgen Biotechnologies, San Diego, California, (B) Ethidium bromide staining of the PCR products obtained after 29
United States; dilution 1:1000), and a mouse monoclonal antibody to cycles for DJ-1 (625 bp) and P-actin (350 bp).
fI-actin (Sigma, 1:500). Found at DOI: 10.1371/ournal.pbio.0020327.sg001 (704 KB EPS).

In vivo assays. ES cells plated in 96-well format (2.3 X 104 cells/
well) were treated for 15 h with H20 2 in ES cell medium deficient in Figure S2. Analysis of DJ-1-Deficient ES Cells
fý-mercaptoethanol (Abeliovich et al. 2000). Cell viability (as a percent
of untreated control) was determined by MTT assay in triplicate (A and B) Cell viability ofDJ-1 heterozygous cells (solid bar) and DJ-l-
(Fezoui et al. 2000). AV/PI (Molecular Probes, Eugene, Oregon, United deficient knockout clone 32 (open bar) after exposure to CuCI2 or
States) staining was performed according to the manufacturer's staurosporine at the doses indicated.
instructions. For DHR staining (Molecular Probes) (Walrand et al. (C) MTT values of untreated DJ-1-deficient ES cell clones and the
2003), cells were preincubated for 30 min with DHR (5 psM), washed control heterozygous cells. Assays were performed exactly as in
with PBS, then treated with H 20 2 in ES cell medium deficient in p_ Figure 2, but in the absence of toxin.
mercaptoethanol for 15 min at 37 'C. The FACS analysis was (D) MTT values of untreated DJ-1-deficient ES cells transfected with
performed using a FACSTAR sorter (Becton-Dickinson, Palo Alto, vector alone or various DJ-1-encoding plasmids. Transfection and
California, United States). Dopamine uptake assays were performed expression of WT DJ-1 or mutant forms of DJ-1 does not alter the
as described (Farrer et al. 1998). Reported values represent specific basal metabolic activity or viability of the cells.
uptake from which nonspecific uptake, determined in the presence of (E) Western blotting of extracts from ES cells transfected with vectors
mazindol, was subtracted. Uptake values were normalized for protein harboring WT human DJ-I or the L166P mutant.
content with the BCA kit (Pierce). Found at DOI: 10.1371/journal.pbio.0020327.sgOO2 (545 KB EPS).

For 6- hydroxydopamine (6-OHDA, Sigma) treatment, the drug
was diluted in the differentiation medium (Kawasaki et al. 2000) and Figure S3. Immunocytochemistry for HB9 and GABA Neurons in DJ-
medium was changed every day for 72 h. 1-Deficient and Control Heterozygous ES Cells

Primary midbrain embryonic cultures were prepared and trans- Both cell cultures were differentiated by SDIA for 18 DIV. Cells were
duced with lentiviral vectors as described in Staropoli et al. (2003). fixed with 4% paraformaldehyde and stained with mouse monoclonal
The DJ-1 shRNA vector was generated by insertion of annealed antibodies against HB9 (gift from T.Jessell, dilution 1:50) and rabbit
oligonucleotides 5'-TGTCACTGTTGCAGGCTrGGTTCAAGAGAC- polyclonal antibodies against GABA (Sigma, dilution 1:1000) as in
CAAGCCTGCAACAGTGACTTTTTTC-3' and 5'-ACAGTGA- Figure 5. Scale bar, 50 ptM.
CAACGTCCGAACCAAGTTCTCTGGTTCGGACGTTGTCACT-
CAACGA CCGAACCAAGTTCTCTGG CGGAAAGAGCT itte novFound at DOI: 10.1371/journal.pbio.0020327.sg003 (5.5 MB TIF).GAAAAAAGAGCT-3' into the LentiLox vector (Rubinson et al.

2003). For cellular dopamine quantification, cultures were incubated Accession Numbers
in standard differentiation medium supplemented with L-DOPA (50 The GenBank (http:/Iwww.ncbi.nlm.nih.gov/) accession numbers of the
liM) for 1 h to amplify dopamine production, as described in Pothos
et al. (1996). Subsequently, cells were washed in PBS and then lysed in genes discussed in this paper are ct-synuclein (NM 000345), Parkin
0.2 M perchloric acid. Dopamine levels were quantified by HPLC (AB009973), and DJ-1 (AB073864).
(Yang et al. 1998) and normalized for protein content as above.

Expression vectors. The cDNA for human DJ-1 was PCR-amplified
from a human liver cDNA library (Clontech, Palo Alto, California, Acknowledgments
United States). For expression of DJ-1 in ES cell rescue experiments,
DJ-1 was cloned into the expression vector pcDNA3.1 (Invitrogen, We thank O. Hobert and L. Clark for critical reading ofthe manuscript.
Carlsbad, California, United States) containing a Flag peptide SS is funded by the Integrated Graduate Program Training Grant
sequence at the N-terminus using standard cloning techniques. (National Institutes of Health); CM is funded by the American
Flag-L166P DJ-1 (pcDNA3) was generated by PCR-mediated muta- Parkinson's Disease Association; AA receives funding from the Spitzer,
genesis. Rockefeller Brothers, Taub and M. J. Fox Foundations, National

Protein carbonyl analysis. For protein carbonyl quantitation (Bian Institute of Neurological Disorder and Stroke (NINDS) and National
et al. 2003), cells were plated (1.4 X 105 cells per well), grown for 24 h, Institute of Aging (NIA), and is a Culpeper and Beeson scholar.
and then treated with 10 iVM H 20 2 as indicated. Cells were lysed in Conflicts of interest. The authors have declared that no conflicts of
200 lil lysis buffer and cleared lysate was prepared as described above, interest exist.
An aliquot of 40 isl from each time point was added to 2 M HCI (120 Author contributions. CM, SS, and AA conceived and designed the
p•) with or without 10 gM 2,4-dinitrophenyl-hydrazine and incubated experiments. CM, SS, AJ, TL, and AA performed the experiments.
for 1 h at 24 °C with shaking. Proteins were then TCA-precipitated CM, SS, AJ, and AA analyzed the data. CM, SS, AJ, MFB, LY, TF, and
and resuspended in 200 jil of 6 M guanidinium chloride. Absorbance AA contributed reagents/materials/analysis tools. CM, SS, and AA
was measured at 360 nm, and DNP-conjugated samples were wrote the paper. a
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Abstract

Oxidative stress plays an important role in neuronal death in neurodegenerative disorders such as Parkinson's disease (PD) and
Huntington's disease (HD). Animal models of PD or HD, produced by administration of the mitochondrial toxins 1-methyl-4-phenyl-l,2,3,6-
tetrahydropyridine (MPTP) or 3-nitropropionic acid (3NP), respectively, show increased free radical generation. Free radicals generated in
biological systems can react with spin-trapping compounds, such as nitrones, to form stable adducts. In recent years, the utility of nitrones has
moved beyond analytical applications and into the realm of neuroprotection as antioxidants in both brain ischemia and models of
neurodegenerative diseases. In the present study, we administered a new nitrone antioxidant, stilbazulenyl nitrone (STAZN), with either
MPTP or 3NP. STAZN attenuated MPTP-induced striatal dopamine depletion by 40% and showed a tendency to dose-dependent
neuroprotection. STAZN dose-dependently protected against loss of tyrosine hydroxylase immunoreactive neurons in the substantia nigra
pars compacta. STAZN reduced the striatal lesion volume caused by systemic 3NP administration from 44 ± 9 to 20 ± 6 mm3 . The lipid
peroxidation marker, malondialdehyde(MDA), was significantly increased in the striatum, cortex, and cerebellum of rats after administration
of 3NP. These increases were blocked by co-injection of STAZN. Our data provide further evidence that STAZN is a neuroprotective free
radical spin trap, and suggest that the development of new antioxidants will broaden our therapeutic strategies for neurodegenerative diseases.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Free radicals; Spin trapping; Parkinson's disease; Huntington's disease

Introduction accumulates in mitochondria where it inhibits complex I of
the mitochondrial electron transport chain. This leads to

The neurotoxin 1-methyl-4-phenyl-l,2,3,6-tetrahydro- impairment of energy production and increased free radical
pyridine (MPTP) causes a parkinsonian syndrome in man generation, and eventually causes dopaminergic neuron
and monkey (Bloem et al., 1990). Its mechanism of death. There is substantial evidence in vivo that MPTP or
neurotoxicity involves conversion by monoamine oxidase MPP+ causes increased free radical production and lipid
B into an active toxic metabolite, 1-methyl-4-phenylpyr- peroxidation in brain (Alcaraz-Zubeldia et al., 2001; Chiueh
idinium (MPP+) (Tipton and Singer, 19.93). MPP+ rapidly et al., 1992; Rojas and Rios, 1993; Thomas et al., 2000).
accumulates in dopaminergic neurons via the plasma Furthermore, MPTP neurotoxicity is attenuated in mice by a
membrane dopamine transporter. Once inside cells, MPP+ variety of anitioxidative strategies, such as overexpression

of Cu, Zn superoxide dismutase, Mn superoxide dismutase,

* Corresponding author. Department of Neurology and Neuroscience, or treatment with copper sulfate (Alcaraz-Zubeldia et al.,

Weill Medical College at Cornell University, Room F 610, 525 East 68th 2001; Klivenyi et al., 1998a,b; Przedborski et al., 1992).
Street, New York, NY 10021. Fax: +1 212 746 8532. The use of the mitochondrial inhibitor 3-nitropropionic

E-mail address: fTeal@med.comell.edu (M.F. Beal). acid (3-NP) to produce animal models of Huntington's

0014-4886/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
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disease has been shown to lead to pathology similar to that free radicals in bilateral carotid ischemia/reperfusion animal
of HD (Brouillet et al., 1995). Oxidative stress and models, and demonstrated neuroprotective effects in pre-
excitotoxicity have been implicated in the selective striatal serving the hippocampal CAl pyramidal cells against the
vulnerability caused by 3-NP (Bogdanov et al., 1998; Kim ischemia/reperfusion. In a parallel study, both water-soluble
et al., 2000; Schulz et al., 1996). Oxidative stress induced by and lipid-soluble AZN compounds produced significant
3-NP also extends to the cerebral cortex, an area where little neuroprotection against MPTP-induced depletion of dop-
neuron loss occurs (La Fontaine et al., 2000). Antioxidative amine and its metabolites in mouse striatum (Klivenyi et al.,
strategies, including administration of antioxidants (taurine) 1998a,b).
(Rivas-Arancibia et al., 2001) as well as overexpression of Stilbazulenyl nitrone (STAZN) is an azulenyl nitrone
genes involved in attenuating oxidative stress, showed derivative that bears some structural resemblance to stilbene
significant neuroprotection against 3-NP toxicity (Beal et (Fig. 1) (Becker et al., 2002). The oxidation potential of
al., 1995). In contrast, animals with deficiencies of STAZN has been determined to be 0.33 V, which is almost
antioxidative enzymes, such as manganese superoxide half a volt lower than AZN (0.84 V) and more than a full
dismutase (Andreassen et al., 2001) and glutathione volt lower than PBN (1.47 V) and S-PBN (1.34 V). Among
peroxidase (Klivenyi et al., 2000), showed significantly common aromatic carbocyclic and heterocyclic nitrone-
increased vulnerability to 3-NP toxicity. Furthermore, the based free radical spin traps, STAZN possesses an oxidation
transgenic mouse model of HD, which overexpresses the potential that remains exceptionally lower by comparison.
human huntingtin gene with lengthened CAG repeat, also Furthermore, azulene-based spin traps also possess lip-
showed increased vulnerability to 3-NP toxicity as well as ophilicity. Therefore, STAZN may exhibit improved anti-
increased generation of free radicals induced by 3-NP oxidant properties and may more readily penetrate the
(Bogdanov et al., 1998). blood-brain barrier. We tested STAZN for neuroprotective

Free radicals formed in vivo can be trapped by spin- effects against MPTP and 3-NP toxicity in our present study.
trapping compounds to form their stable adducts, which can
be detected by electron spin resonance in organic extracts
and provide evidence of in vivo free radical formation. Spin Materials and methods
traps commonly used in biological system are nitroso
compounds or nitrones and their radical adducts are all Animals and materials
nitroxide free radicals. Nitrone spin traps are more stable
than those of nitroso compounds (Knecht and Mason, Male C57 black mice (3-month old, 25-30 g) and male
1993). In recent years, the utility of nitrones has moved Lewis rats (3-month old, 300-350 g) were obtained from the
beyond analytical application and into the realm of neuro- Jackson Laboratory (Bar Harbor, ME, USA). Neurotoxin
protection. The nitrone spin trap N-tert-butyl-a-phenyl compounds of MPTP, 3NP, and standard compounds of
nitrone (PBN) delivered to mice in a single dose before dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC),
MPTP or subchronically following MPTP injections homovanillic acid (HVA), and malondialdehyde were all
showed protective effects against both the functional bought from Sigma (St. Louis, MO, USA). The STAZN
changes and striatal dopamine depletion caused by MPTP, spin trap was a gift from Dr. David A. Becker in Florida
possibly through its free radical spin-trapping mechanism International University. All animal experimental proce-
(Fredriksson et al., 1997). In an earlier study, we found N- dures were in strict accordance with protocols approved by
tert-butyl-cs-(2-sulfophenyl) nitrone (S-PBN), a derivative the Weill Cornell Medical College Animal Care Committee.
of PBN with a lower oxidation potential that is more potent
in trapping free radicals, produced significant protection
against a MPTP dosing regimen resulting in a mild to
moderate depletion of dopamine, but not against more +
severe depletion (Schulz et al., 1995). Another cyclic N ,O 0 +o-
nitrone free radical spin trap, called MDL 101,002, also .
produced dose-dependent neuroprotection against malonate- HOEt H I H

induced striatal lesions, and significant protection against
MPTP-induced depletions of dopamine and its metabolites _ V0
(Matthews et al., 1999).

Azulenyl nitrones are a unique class of free radical spin-
trapping compounds. These compounds possess many
theoretical advantages over conventional spin traps like
PBN. Azulenyl nitrone (AZN) is synthesized from the AZN STAZN
natural product guaiazulene, which itself has been used in Fig. 1. Comparison between the two chemical structures of azulenyl nitrone

several medical applications. Althaus et al. (1998) synthe- (AZN) and its new derivant stilbazulenyl nitrone (STAZN). The latter was

sized AZN, assessed the effect of AZN on the formation of used in the present experiment..
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MPTP and 3-NP manipulations were carried out in a special Li 3PO 4 , 0.85 mM 1-octanesulfonic acid, and 10% (v/v)
animal room restricted for neurotoxin manipulation. methanol, and detected by a 2-channel Coulochem II

electrochemical detector (ESA, Inc.). Concentrations of
Animal models and STAZN treatment dopamine and its metabolites are expressed as nanograms

per milligram protein. The protein concentrations of tissue
STAZN is highly lipophilic and has limited aqueous homogenates were measured with the Bio-Rad protein

solubility. It is soluble in both peanut oil and in dimethyl analyze protocol (Bio-Rad Laboratories, Hercules, CA)
sulfoxide (DMSO). Instead of choosing DMSO, we used and Perkin Elmer Bio Assay Reader (Norwalk, CT).
peanut oil as our vehicle for STAZN administration because
DMSO is recognized to have a potential antioxidant action HPLC assay for malondialdehyde
that might contribute to neuroprotection (Chiueh et al., 1994;
Repine et al., 1981; Shimizu et al., 1997). The STAZN was The determination of MDA by HPLC was carried out
obtained as dark green solid granules and kept at -20'C for according to a recent report (Agarwal and Chase, 2002).
stability. The compound stays yellow-brown when sus- Briefly, tissues were homogenized in 40% ethanol solution.
pended and dissolved in peanut oil but can be oxidized by Sample derivatization was carried out in 2-ml-capacity
peroxyl radicals leading to the formation of its aldehyde plastic centrifuge tubes fitted with screw-on caps. To a 50-p1
adducts (Becker, 1996, 1999; Becker et al., 2002). Therefore, aliquot of sample or MDA standard, 50 ll of 0.05%
a fresh peanut oil preparation of STAZN was made just at the butylated hydroxytoluene (BHT), 400 pil of 0.44 M H3PO 4,
time of injections. Controls received the peanut oil vehicle, and 100 tl of 0.42 mM 2-thiobarbituric acid (TBA) were

MPTP, prepared 2 mg/ml in phosphate-buffered saline added. Sample tubes were capped tightly, vortex mixed,
(PBS), was injected intraperitoneally to C57 black mice 10 then heated for 1 h on a 100°C dry bath incubator.
mg/kg for four times with an interval of 2 h. STAZN (10 or Following heat derivatization, samples were placed on an
20 mg/kg), or the same volume of peanut oil vehicle, was ice-water (0°C) bath for 5 min to cool, with 250 lil n-
administered intraperitoneally 30 min before each MPTP butanol subsequently added to each vial for extraction of the
dose and 3, 12, and 24 h after the last dose of MPTP. Mice MDA-TBA complex. Tubes were vortex mixed 5 min then
were sacrificed 7 days after MPTP injection and fresh striata centrifuged 3 min at 14000 rpm to separate the two phases.
were dissected for catecholamine analysis. Aliquots of 100 pd were removed from the n-butanol layer

3-NP, prepared at 80 mg/ml in H20 and adjusted with 10 of each sample and placed in HPLC vials for analysis
N NaOH to pH 7.4, was injected subcutaneously to Lewis without evaporation. The HPLC system consisted of a
rats at a dose of 20 mg/kg twice a day for 5 days. Waters 717plus autosampler, 515 pump, and 470 scanning
Intraperitoneal administration of STAZN (10 mg/kg, twice a fluorescence detector (Waters, Milford, MA). The pump
day), or the same volume peanut oil vehicle was started 1 flow-rate was 1.0 ml/min with mobile phase comprised of
day before the start of the 3-NP injections and ended 1 day acetonitrile-buffer (20:80, v/v). The buffer was 50 mM
after the end of 3-NP injection. Animals were sacrificed potassium monobasic phosphate (anhydrous) with an
following the last STAZN injection and brains were fixed in adjusted pH of 6.8 using 5 M potassium hydroxide. The
4% paraformaldehyde for 5 days, cryoprotected in 30% fluorescence detector was set at an excitation wavelength of
sucrose for 1 day, and sectioned in cryostat for cresyl-violet 515 nm and emission wavelength of 553 nm. The column
staining. Another group of rats were subcutaneously dosed was an ESA 150 X 3-mm C 18 column with particle size of
with 3-NP at 25 mg/kg twice a day for 2 days and 3 lim (ESA, Inc.) and placed in a column warmer set to
intraperitoneally injected STAZN 10 mg/kg or vehicle 30 30'C. Peak heights were integrated by an ESA 501
min before each 3-NP dosing. Animals were sacrificed 4 h chromatography data system (ESA, Inc.). The concentration
after the last dose of 3-NP and cortex, striatum, and of MDA is expressed as nanomoles per milligram protein.
cerebellum were dissected out and kept in freezer for Tissue protein concentrations were measured by using the
malondialdehyde analysis. Bio-Rad protein analyses protocol (Bio-Rad Laboratories)

and Perkin Elmer Bio Assay Reader.
HPLC assay for catecholamines

Substantia nigra histological analysis
Dissected striata were sonicated and centrifuged in

chilled 0.1 M perchloric acid (PCA, about 100 pdl/mg Tissues for histological analysis were fixed with 4%
tissue). The supematants were taken for measurements of paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) by
dopamine and its metabolites 3,4-dihydroxyphenylacetic immersion for 48 h at 4°C, and then cryoprotected in 30%
acid (DOPAC), and homovanillic acid (HVA) by HPLC as sucrose overnight at 4°C. Serial coronal sections (50 pum)
modified from our previously described method (Beal et al., were cut through the substantia nigra using a cryostat. Two
1990, 1992). Briefly, 10 Id supernatant was isocratically sets of sections were prepared with each set consisting of
eluted through an 80 x 4.6-mm C18 column (ESA, Inc., seven to eight sections, 100-jim apart. One set of sections
Chelmsford, MA) with a mobile phase containing 0.1 M was used for Nissl staining (cresyl violet). Another set was
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processed for tyrosine hydroxylase (TH) immunohistochem- [ Peanut oil

istry using avidin-biotin peroxidase technique. Briefly, free- STAZN 20mg/Kg

floating sections were pretreated with 3% H 2 0 2 in PBS for U MPTP+Peanut oil

30 min. The sections were incubated sequentially in (a) 1% E P MTfP+STAZN 10mgKg

bovine serum albumin (BSA)/0.2% Triton X-100 for 30 150 25 MPTP+STAZN 20rngKg

min, (b) rabbit anti-TH affinity purified antibody (Chem-
icon, Temecula, CA; 1:4000 in PBS/0.5% BSA) for 18 h (c)
biotinylated anti-rabbit IgG (Vector Laboratories, Burlin- #
game, CA; 1:500 in PBS/0.5%BSA) for 1 h, and (d) avidin- .9100 # #
biotin-peroxidase complex (Vector; 1:500 in PBS) for 1 h. 5
The immunoreaction was visualized using 3,3'-diaminoben-
zidine tetrahydrochloride dihydrate (DAB) with nickel
intensification (Vector) as the chromogen. All incubations 50
and rinses were performed with agitation using an orbital
shaker at room temperature. The sections were mounted

onto gelatin-coated slides, dehydrated, cleared in xylene,
and coverslipped. The numbers of Nissl-stained or TH-
immunoreactive cells in the substantia nigra pars compacta Dopaie DOPAC HVA
(SNpc) were counted using the optical fractionator method

in the Stereo Investigator (v. 4.35) software program Fig. 2. Effects of administration of STAZN on MPTP-induced depletion of
(Microbrightfield, Burlington, VT). dopamine and its metabolites DOPAC and HVA in mouse striatum. #, P <

0.05 when compared with peanut oil or STAZN alone controls. *, P < 0.05
3NP lesion volume measurement when compared with MPTP + peanut oil.

Fifty-micrometer sections were collected at every 500- trols by 64% (P < 0.001) and 65% (P < 0.001), respectively
Itm interval and stained for Nissl substance using 0.2% (Figs. 3 and 4). STAZN significantly increased the numbers
cresyl violet. All samples were blindly coded and the lesion of TH-positive or Nissl-stained neurons in the SNpc
area was measured using a microcomputer image device compared with the MPTP-lesioned mice that did not receive
(MCID, Imaging Research Inc., St. Catharine, Ont. Canada). STAZN (P < 0.05).
The lesion volume (expressed by mm3) was calculated by
multiplying the lesion areas by thickness of all sections. STAZN reduces 3-NP-induced striatal lesions and

3-NP-induced lipid peroxidation
Statistical analysis

Bilateral striatal damage was found in all rats after the
Results were expressed as means ± standard error of systemic delivery of 3-NP for 5 days (Fig. 5A). However,

means (SEM). Differences between STAZN-treated and the lesion volume was reduced more than 50% when
control groups were assessed by ANOVA, followed by STAZN was administered (Fig. 5B). To verify the antiox-
Tukey-Kramer test for comparison among different means. idative effect of STAZN on our 3-NP model, we measured
Value P < 0.05 was taken as being statistically significant. the lipid peroxidation product malondialdehyde levels in

brain tissues. The elevation of MDA production induced by
3-NP involved not just the striatum but also the cerebral

Results cortex and cerebellum, meaning that oxidative stress
induced by 3-NP extends broadly in the brain even to the

STAZN attenuates MPTP-induced striatal dopamine areas where little neuron loss occurs. STAZN significantly
depletion reduced the MDA levels down to the baseline levels in all

the three brain areas, implying it works as an antioxidant in
Fig. 2 shows that STAZN provided significant protection its neuroprotective effects (Fig. 6).

against dopamine, DOPAC, and HVA depletion in the
striatum of mice treated by MPTP. There is a tendency to
dose-dependent protection by STAZN. STAZN protected Discussion
about 40% of dopamine and its metabolites from MPTP-
induced depletion. Both 10 and 20 mg/kg doses of STAZN There is substantial evidence that oxidative damage
showed significant protection. contributes to the pathogenesis of several neurodegenerative

MPTP significantly reduced the numbers of TH-immu- diseases including Huntington's and Parkinson's diseases.
noreactive or Nissl-stained neurons in the substantia nigra There is evidence for increased oxidative damage in HD
pars compacta (SNpc) compared with vehicle-treated con- postmortem brain tissue (Browne et al., 1999). In Parkin-
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Fig. 3. Photomicrographs of tyrosine hydroxylase (TH)-imnmunostained sections through the substantia nigra pars compacta (SNpc) of vehicle-treated controls
(A) and mice treated with MPTP + peanut oil (B), MPTP + STAZN 10 mg/kg (C), or MPTP + STAZN 20 mg/kg (D), showing a significant attenuation of
MPTP-induced neuronal loss after STAZN treatment.

son's disease (PD), there is evidence of increased lipid shown oxidative damage to DNA and RNA as well as

peroxidation, increased protein carbonyls, and increases in increases in 3-nitrotyrosine (Zhang et al., 1999; Good et al.,
8-hydorxy-2-deoxyguanosine (Alam et al., 1997; Dexter et 1998). The latter finding was confirmed with antibodies
al., 1994; Sanchez-Ramos et al., 1994). There is also a specific for nitrated at-synuclein (Giasson et al., 2000).
reduction in glutathione levels in both patients with PD as In recent years, nitrone-based agents have emerged as
well -as individuals with incidental Lewy Body disease, promising therapeutic agents for pathological conditions
which may be a presymptomatic stage of PD (Dexter et al., involving free radical driven oxidative damage. Nitrones
1994; Sofic et al., 1992). Inmmunocytochemistry has also react with free radicals to make stable adducts. Nitrone spin
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Fig. 4. Effect of STAZN on MPTP-induccd neuronal loss determined by stereological analysis of TH-immunoreactive (top) or Nissl-stained (bottom) neurons

in the substantia nigra pars compacta (SNpc). Neuronal counts (means ± SEM) were determined using the optical fractionator method. *** <d0.001, vs.

peanut oil; *P < R0.05, vs. MPTP + peanut oil.
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Fig. 5. Cresyl violet staining showing the striatal lesions (see arrows) caused by subcutaneous 3-NP injection (A). The bar graph shows the administration of
STAZN significantly reduces striatal lesion volumes caused by 3-NP. * means P < 0.05.

traps, chiefly the ot-phenyl nitrones, such as a-phenyl-N- suppressing free-radical-driven peroxidation of cumene. In
tert-butyl-nitrone (PBN), and its 2,4-bis sodium sulfonate more polar solutions, STAZN rivaled the antioxidant efficacy
derivative known as NXY-059, have been widely tested as of vitamin E. The oxidation potential of STAZN is more than
antioxidant therapies to counter free-radical-mediated dam- a full volt lower than PBN as well as NXY-059, which helps
age. Becker first synthesized a novel class of nitrones, the to account for its superior antioxidant function.
azulenyl nitrones, and noted that they were sensitive We previously demonstrated that several free radical spin
colorimetric detectors of oxyradical end products (Becker, traps can protect against MPTP and 3-nitropropionic acid
1996). The azulenyl-based chain-breaking antioxidants have (3-NP) neurotoxicity (Matthews et al., 1999; Schulz et al.,
low oxidation potentials and they tend to be highly 1996). Both MPTP and 3-NP toxicity have been shown to
lipophilic, a property that would favor their blood-brain be associated with the generation of free radicals as well as
barrier permeability. peroxynitrite as assessed by 3-nitrotyrosine concentrations.

Recently, a new class of azulenyl nitones has been We studied the first-generation azulenyl nitrone spin traps
synthesized (Becker et al., 2002). Stilbazulenyl nitrone and showed that they dose-dependently protected against
(STAZN) has been reported to be an improved antioxidant MPTP toxicity with increased efficacy as compared to S-
as compared to other members of its class. Antioxidant assays PBN (Klivenyi et al., 1998a,b). In the present study, we
based on the oxidation of cumene to cumene hydroperoxide examined the efficacy of STAZN to prevent toxicity of both
by atmospheric oxygen in the presence of a free radical MPTP and 3-NP. STAZN produced dose-dependent sig-
initiator showed that STAZN possesses remarkable potency nificant protection against MPTP-induced depletion of both
as a chain-breaking antioxidant. It markedly outperformed striatal dopamine and tyrosine hydroxylase immunoreactive
PBN in concentrations lower by 2-3 orders of magnitude. It neurons in the substantia nigra pars compacta. It signifi-
was more than 300 times more potent than NXY-059 in cantly reduced the lesion volume produced by 3-NP by

Im Peanut oil

E 3NP+Peanut oil

[ 3NP+STAZN 20mg/Kg

USI _
3- #

Striatum Cortex Cerebellum

Fig. 6. The production of malondialdehyde was elevated in striatum, cortex, and cerebellum by subcutaneous 3-NP injection, #, P < 0.05 when compared with
corresponding areas of peanut oil controls. The administration of STAZN significantly reduced the 3-NP-induced malondialdehyde increment back to the
control's levels. *, P < 0.05 when compared with 3-NP + peanut oil.
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approximately 50%. Lastly, it significantly inhibited lipid Bird, E.D., 1992. Kynurenic acid concentrations are reduced in

peroxidation in the striatum, cerebral cortex, and cerebellum Huntington's disease cerebral cortex. J, Neurol. Sci. 108, 80-87.
produced by systemic administration of 3-NE. This provides Beal, M.F., Ferrante, R.J., Henshaw, R., Matthews, R.T., Chan, PH.,Kowall, N.W., Epstein, C.J., Schulz, J.B., 1995. 3-Nitropropionic acid
further evidence that it is indeed a potent antioxidant that neurotoxicity is attenuated in copper/zinc superoxide dismutase trans-
inhibits lipid peroxidation in vivo. It appears to be more genic mice. J. Neurochem. 65, 919-922.

potent than the first-generation azulenyl nitrone (AZN), as Becker, D.A., 1996. Highly sensitive colorimetric detection and facile

its protective effects were only significant at a dose of 20 isolation of diamagnetic free radical adducts of novel chromotropic
nitrone spin trapping agents readily derived from guaiazulene. J. Am.mg/kg (Klivenyi et al., 1998a,b). Chem. Soc. 118, 905-906.

Recent studies have shown that STAZN is effective in a Becker, D.A., 1999. Diagnostic and therapeutic applications of azulenyl
model of traumatic brain injury in rats (Belayev et al., nitrone spin traps. Cell. Mol. Life Sci. 56, 626-633.
2002). It significantly improved neurologic deficits and Becker, D.A., Ley, J.J., Echegoyen, L., Alvarado, R., 2002. Stilbazulenyl

reduced contusion size. Furthermore, it was recently shown nitrone (STAZN): a nitronyl-substituted hydrocarbon with the potency
of classical phenolic chain-breaking antioxidants. J. Am. Chem. Soc.to be extremely effective in a model of focal ischemia in rats 124, 4678-4684.

(Ginsberg et al., 2003). In three independent studies, Belayev, L., Becker, D.A., Alonso, O.F., Liu, Y., Busto, R., Ley, J.J.,
STAZN produced significant improvement in behavior as Ginsberg, M.D., 2002. Stilbazulenyl nitrone, a novel azulenyl nitrone
well as a reduced mean cortical infarct volume of 64-97°'o% antioxidant: improved neurological deficit and reduced contusion size
and total infarct volume of 42-72%. In over one half of the after traumatic brain injury in rats. J. Neurosurg. 96, 1077-1083.
STAZN treated animals, the cortical infarct was virtually Bloem, B.R., Irwin, I., Buruma, O.J., Haan, J., Roos, R.A., Tetrud, J.W.,Langston, J.W., 1990. The MPTP model: versatile contributions to the
abolished. treatment of idiopathic Parkinson's disease. J. Neurol. Sci. 97, 273-293.

STAZN therefore appears to be an extremely promising Bogdanov, M.B., Ferrante, R.J., Kuemmerle, S., Klivenyi, P., Beal, M.F.,
antioxidant that may have widespread applications for the 1998. Increased vulnerability to 3-nitropropionic acid in an animal
treatment of neurological disorders including stroke. Results model of Huntington's disease. J. Neurochem. 71, 2642-2644.

Brouillet, E., Hantraye, P., Ferrante, R.J., Dolan, R., Leroy-Willig, A.,with the neurotoxins MPTP and 3-NP suggest that it may Kowall, N.W., Beal, M.F., 1995. Chronic mitochondrial energy
also be a useful antioxidant for the treatment of Parkinson's impairment produces selective striatal degeneration and abnormal

and Huntington's diseases. choreiform movements in primates. Proc. Nati. Acad. Sci. U. S. A.
92, 7105-7109.
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Molecular machinery involved in apoptosis plays a role in neuronal Introduction
death In neurodegenerative disorders such as Parkinson's disease (PD)
and Huntington's disease (IfD). Several caspase inhibitors, such as the There is substantial evidence implicating apoptosis and caspase
well-known peptidyl inhibitor carbobenzoxy-Val-Ala-Asp-fluorome- activation in neurodegenerative diseases as well as in animal
thylketone (zVADfmk), can protect neurons from apoptotic death models of neurodegenerative diseases. Mitochondrial injury, which
caused by mitochondrial toxins. However, the poor penetrability of is implicated in these diseases, leads to release of cytochrome c
zVADfmk into brain and toxicity limits its use therapeutically. In the
present study, a novel peptidyl broad-spectrum caspase inhibitor, Q- into the cytoplasm where it can initiate the cascade of caspase

VD-OPH, which offers improvements in potency, stability, and toxicity activation by triggering the activation of caspase-9, which elicits
over zVADfmk, showed significant protection against 1-methyl-4- the activation of capsase-3, leading to the morphologic changes
phenyl-1,2,3,6-tetrahydropyridine (MPTP), 3-nitropropionic acid associated with apoptosis (Friedlander, 2003). Alternatively,
(3NP), and malonate toxicities. Q-VD-OPH significantly reduced activation of death receptors (FADD or TRADD) leads to
dopamine depletion in striatum produced by MPTP administration activation of caspase-8, which can truncate Bid, which translocates
and prevented MPTP-induced loss of dopaminergic neurons in the to mitochondria, leading to cytochrome c release and ultimately to
substantia nigra. It significantly reduced the size of striatal lesions caspase-3 activation.
produced by Intrastriatal malonate injections and systemic admin- The development of systemically active caspase inhibitor may
istration of 3NP. Western blots performed on tissues from the midbrain therefore prove useful for treatment of neurodegenerative diseases.
following administration of MPTP or the striatum in 3NP-treated
animals showed increases of the active forms of caspase-9 and caspase- A number of mitochondrial toxins have been used to model

8, as well as the caspase-8-mediated proapoptotic protein Bid, which neurodegenerative diseases. These include 1-methyl-4-phenyl-
were Inhibited Q-VD-OPH treatment. These findings suggest that 1,2,3,6-tetrahydropyridine (MPTP) to model Parkinson's disease
systematically active broad-spectrum caspase inhibitors maybe useful (PD) and 3-nitropropionic acid (3NP) and malonate to model
in the treatment of neurodegenerative diseases such as PD and HD. Huntington's disease (HD). As yet, no systemically available
Q 2004 Elsevier Inc. All rights reserved. caspase inhibitors have been reported, which show efficacy in the

central nervous system. Recently, a broad-spectrum caspase
Keywords: Caspase inhibitor; Calpain; Parkinson's disease; Huntington's inhibitor was developed in which a carboxy terminal phenoxy

disease; ALS group was conjugated to amino acids valine and aspartate (Q-VD-

OPH). This compound is significantly more effective than the
widely used inhibitors zVAD-Fmk and Boc-D-Fmk in preventing

apoptosis in vitro (Caserta et al., 2003). It is equally effective in
preventing apoptosis mediated by the three major apoptotic
pathways: caspase-9/3, caspase-8/10, and caspase-12. It is not

SCorresponding author. Department of Neurology and Neuroscience, toxic to cells even at extremely high concentrations. In the present

Weill Medical College of Comell University, Room F610, 525 East 68th study, we therefore examined the efficacy of Q-VD-OPH against
Street, New York, NY 10021. Fax: +1 212 746 8532. MPTP, malonate, and 3NP neurotoxicity. We also examined the

E-mail address: fbeal@mcd.comell.edu (M.F. Beal). effects of Q-VD-OPH on MPTP- and 3NP-induced activation of
Available online on ScienceDirect (www.sciencedirect.com.) caspase-8, caspase-9, Bid truncation, and calpain activation.

0969-9961/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.nbd.2004.07.021
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Materials and methods pentobarbital and positioned on a David Kopf stereotaxic instru-
ment (Tujunga, CA, USA) with the incisor bar at 3.3 mm below the

Animals and materials interaural line. A volume of 1.5 [il of 2 M malonic acid (3 iimol in
amount) in H20, pH 7.4 with HCI, was injected into left striatum

Male Swiss-Webster mice (3 months old, 30-35 g), male Lewis with a 10-itl Hamilton syringe (Reno, NE, USA) at the coordinates
rats (3 months old, 300-350 g), and male Sprague-Dawley (SD) 1 mm anterior to the bregma, 2.6 mm lateral to the midline, and 5
rats (350-400 g) were obtained from the Jackson Laboratory (Bar mm ventralto the dura. All injections were made over 2 min and
Harbor, ME, USA). MPTP, 3NP, and malonic acid were bought the needle was left in the striatum for an additional 2 min before
from Sigma (St. Louis, MO, USA). The caspase inhibitor Q-VD- being slowly withdrawn. Animals were sacrificed 1 week after the
OPH was a gift from Enzyme Systems (Livermore, CA, USA). All surgery and brain slices were examined using TTC staining.
animal experimental procedures were in strict accordance with the
regulations of the Weill Cornell Medical College and in accordance TTC staining and lesion volume measurement
with the NIH Guide for the Care and Use of Laboratory Animals.

Two percent TI'C solution was made with distilled water and
Animal models and Q-VD-OPH treatment kept in brown bottles at 4'C until use. One-millimeter-thick fresh

brain slices were cut with a rat brain matrix (Harvard Apparatus,
Q-VD-OPH was dissolved in 100% dimethyl sulfoxide Holliston, MA, USA) and promptly dipped in dishes with 2% TTC

(DMSO) and was administered intraperitoneally at a dose of 20 for 30 min in a dark cabinet until the intact tissue of the slice was
mg kg-1 day-' in all experiments. An equal volume of DMSO was stained to deep purple and the lesioned area was noted by pale
given to controls. Q-VD-OPH and DMSO administrations were staining. Stained slices were then kept in 4% paraformaldehyde in
started 12 h before the injections of the mitochondrial toxins and the dark at 4'C not more than 2 weeks before analysis. All samples
continued for 3 days in the malonate model, 4 days in the acute were blindly coded and the lesion area was measured on both the
MPTP model, and 7 days in the 3NP and the chronic MPTP model, anterior and posterior sides of each slice using a microcomputer

We examined both acute and chronic regimens of MPTP imaging device (MCID; Imaging Research Inc., St. Catharine, Ont.
administration. In the acute regimen, MPTP in phosphate-buffered Canada). The lesion volume (expressed in mm3) was calculated by
saline (PBS) was injected intraperitoneally to Swiss-Webster mice averaging the lesion area of each section, multiplying it with the
at doses of 10, 15, or 20 mg/kg, four times at intervals of 2 h. For section thickness, and summing the values of all the lesioned
each dose, 8-14 mice were examined. Mice were sacrificed 7 days sections. We previously demonstrated that TTC measurements
after the MPTP injections, and the striata were dissected for directly correlate with measurements made on adjacent Nissl-
catecholamine analysis. The mesencephalons were fixed in 4% stained sections (Schulz et al., 1995).
paraformaldehyde for 5 days for tyrosine hydroxylase (TH)
immunostaining. Fresh striatal and mesencephalic tissues taken I HPLC assay for catecholamines
day after MPTP injection were prepared for assessment of caspase
activation by Western blot analysis. The brains were sliced at 1 mm Dissected striata were sonicated and centrifuged in chilled 0.1
intervals and the striatum and ventral midbrain including the M perchloric acid (PCA; 100 ld/mg tissue). The supernatants were
substantia nigra were dissected. The chronic regimen consisted of used for measurements of dopamine and its metabolites 3,4-
MPTP 15, 20, or 30 mg/kg, once a day for 5 days in Swiss- dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
Webster mice. Animals were sacrificed 7 days after the last dose of (HVA) by HPLC as modified from our previously described
MPTP and fresh tissues were dissected for measurements, method (Beal et al., 1990). Briefly, 10 ll supematant was
dopamine, and numbers of TH immunoreactive neurons, as isocratically eluated through a 80 x 4.6 mm C18 column (ESA,
described above. Inc. Chelmsford, MA) with a mobile phase containing 0.1 M,

For the 3NP experiments, 100 mg/ml of 3NP stock solution was Li3PO4, 0.85 mM l-octanesulfonic acid, and 10% (v/v) methanol
made in 1 N NaOH and adjusted to pH 7.4. The stock solution was and detected by a 2-channel Coulochem II electrochemical detector
diluted according to the initial weight of individual Lewis rats and (ESA, Inc.). Concentrations of dopamine and its metabolites are
a dose of 56 mg kg-1 day-' and was delivered by subcutaneous expressed as nanogram per milligram protein. The protein
infusion using Alzet osmotic minipumps (Durect Corporation, concentration were measured using the Bio-Rad protein analyze
Cupertino, CA, USA, model 2ML1, 10 g"l/h for 7 days), which protocol (Bio-Rad Laboratories, Hercules, CA) and Perkin Elmer
were implanted beneath the skin between the scapulae under Bio Assay Reader (Norwalk, CT).
pentobarbital anesthesia. Signs of dystonia including limb drag-
ging, wobbling gait, and recumbency were seen from the 3rd day Immunostainingfor tyrosine hydroxylase-positive neurons
onwards of the 3NP infusions in both Q-VD-OPH- or DMSO-
treated groups (15 rats in each group). All animals were sacrificed Midbrains from MPTP-treated mice that were also treated with
on the 7th day of the 3NP infusion, and brains were rapidly either Q-VD-OPH or vehicle were postfixed in 4% paraformalde-
removed and placed in cold saline for 10 min before being hyde for 5 days and cryoprotected in 30% sucrose overnight.
processed for 2,3,5-triphenyltetrazolium chloride monohydrate Sections (40 gIm) through both the left and right substantia nigra
staining (TTC; Sigma). Another set of 3NP and Q-VD-OPH- or pars compacta (SNpc) were washed for 30 min in PBS, incubated
DMSO-cotreated animals had their striata dissected at 1, 3, and 5 with 1% bovine serum albumin (BSA) and 0.2% Triton X-100 in
days after the 3NP infusion for measurements of active caspases by 0.1 M PBS for 1 h, washed in PBS containing 0.5% BSA for 30
Western blot (five animals per group). min, then incubated overnight in blocking solution containing

In the malonate experiments, SD rats pretreated with Q-VD- antibody to tyrosine hydroxylase (TH, 1:25,000; Incstar, Stillwater,
OPH or DMSO (eight animals per group) were anesthetized with MN). Sections were washed in PBS-BSA, incubated for 1 h with
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biotinylated secondary anti-rabbit antibody (1:200, Vector Labo- AMC. The non-calcium-dependent fluorescence was measured
ratories, Burlingame, CA), and visualized by reaction with 3,3' - under the same conditions using buffer A without added calcium
diaminobenzidin-terahydrochloride (DAB, 0.05%) as a chromogen and containing 1 mM EDTA and 1 mM EGTA. To determine
and hydrogen peroxide (0.003%) for 5 min. Sections were whether Q-VD-OPH inhibits calpain activity in vitro, 10 lt of
mounted on gelatin-coated slides, dehydrated through graded inhibitor solution (from 10 nM to 1 mM) was incubated in 90 lla of
ethanols, and cleared in xylene before being coverslipped with calpain assay buffer containing purified lt-calpain (0.2 units;
Permount. TH-positive neurons in the outlined SNpc were counted Calbiochem, San Diego, CA, USA). Caspase-8 activity was tested
under 100 x oil magnification as they appeared within a counting on peptidic substrates (Biomol) using N-acetyl-Ile-Glu-Thr-Asp-
frame created by KS 400 software (Zeiss, Thomwood, NY). These AFC (IETD-AFC). Soluble fractions (30 jig of protein) were
counts were within a homogenous structure, thus allowing for valid incubated at 37°C for 45 min in a caspase buffer B (20 mM
stereological measurements. HEPES, pH 7.4, 50 mM NaCI, 0.2 mM EDTA, 4 mM DTT) with

40 liM of the appropriate substrate. The nonspecific activity was
Western blot for analyzing caspase-8, caspase-9, and Bid considered as the activity remaining in the presence of the
cleavages fluorogenic substrate and 10 [tM of the appropriate caspase

inhibitor, that is, the C-terminal aldehyde form (CHO) of the
Brain tissues were sonicated briefly in 200 ill of lysis buffer substrate (IETD-CHO). Fluorescence (excitation/emission: 400/

containing 250 mM sucrose, 10 mM KCI, 1.5 mM MgCI2, 2 mM 505 nim for AFC and 380/460 nm for AMC) was measured in 96-
EDTA pH 6.8, 20 mM HEPES, and protease inhibitor (Complete, well plates using a "Fusion" fluorimeter (Packard Bioscience,
Roche, Basel, Switzerland), centrifuged at 9000 x g for 20 min at Rungis, France). Enzyme activity was calculated using standard
4°C, and the supernatants were collected. Protein concentrations curves of AFC or AMC and expressed as pmol AFC or AMC
were measured using the Bio-Rad protein assay. Supernatants were released min/mg of protein.
loaded with 60 jig protein in each lane on a precast 4-20% Tris-HCl
gel (Bio-Rad) and the separated proteins were blotted on a PVDF Statistical analysis
membrane (NOVEX, San Diego, CA). Primary antibodies applied to
the blots were 1:1000 dilutions of polyclonal anti-human/mouse Bid Results were expressed as means ± standard error of the mean
(R&D Systems, Minneapolis, MN), polyclonal anti-mouse/rat (SEM). Differences between Q-VD-OPH-treated and control
caspase-8 (Pharmingen, San Diego, CA), and polyclonal anti- groups were assessed by ANOVA, followed by Tukey-Kramer
mouse/rat caspase-9 (Stressgen, Victoria, BC, Canada), followed by test for comparison among different means. The value P < 0.05
incubation with horseradish peroxidase-conjugated secondary anti- was taken as being statistically significant.
body (Zymed Lab, San Francisco, CA), and peroxidase activity was
detected using enhanced chemiluminescence (ECL; Amersham Results
Pharmacia Biotech, Arlington Heights, IL).

The optical density of Western blot bands measured with the Q-VD-OPH protects mice from MPTP dopaminergic toxicity
density analysis software installed in the microcomputer imaging
device (MCID; Imaging Research Inc.). A density step wedge Transgenic animals overexpressing the apoptosis inhibitors p35
(Kodak, NY) was used to establish the calibration curve and all the or Bcl-2 are resistant to neurotoxicity produced MPTP (Viswanath
density values read from the blot bands were in the liner range of et al., 2001; Yang et al., 1998). In line with this, activation of
calibration without reaching the saturation limits. A rectangular caspases has been reported in MPTP-treated mice (Turmel et al.,
measuring cursor was sized in the center of the bands and the same 2001; Viswanath et al., 2001). In the present study, we examined
size was fixed to measure all the bands on the same film. Density whether administration of the caspase inhibitor peptide Q-VD-
reading from the film background was subtracted from the band OPH could block MPTP-induced neurodegeneration. As shown in
density readings. Five animals were examined for each Western Table 1, Q-VD-OPH attenuates the depletion of dopamine and its
blot. metabolites in striatum caused by acute MPTP toxicity (Table 1).

Three different MPTP doses were examined in our acute MPTP
Proteolytic activity assay using fluorogenic substrates for calpain toxicity regime. MPTP (10 mg/kg ip, four times a day) depleted
and caspase-8 striatal dopamine levels to 30% of vehicle-injected controls,

whereas coinjection of Q-VD-OPH, 20 mg/kg daily, resulted in
The fluorescent assays of calpain or caspase-8 activities are striatal dopamine levels that were 59% of control levels. When the

based on the cleavage of 7-amino-4-methyl-coumarin (AMC) or 7- MPTP dose was increased to 15 mg/kg four times a day, the striatal
amino-4-trifluoro-methyl-coumarin (AFC) dyes from the C-termi- dopamine depletion with Q-VD-OPH was 43% of controls. This
nus of the peptide substrates. Calpain activity was determined dose alone reduced striatal dopamine to 24% of controls.
using N-succinyl-Leu-Tyr-(N-succinyl-LY)-AMC, a substrate pref- Increasing the MPTP dosage further to 20 mg/kg completely
erentially cleaved by [L- or m-calpain (McDonald et al., 2001). abolished the protective effect of Q-VD-OPH against MPTP-
Calpain activity (Ca2÷-dependent cleavage of N-succinyl-LY- induced striatal dopamine depletion. The dopamine levels in the
AMC) present in brain sample supematants (approximately 10 ilt MPTP alone and MPTP with Q-VD-OPH-treated groups were both
containing about 30 gsg of protein) was determined as the reduced to 14% of controls, consistent with a "floor effect" in
difference between the calcium- and the non-calcium-dependent which the toxicity associated with this dose of MPTP was too
fluorescehice. The calcium-dependent fluorescence released was severe to be prevented by Q-VD-OPH. It is also likely that necrotic
measured after a 30-min incubation at 37'C in buffer A containing cell death may be predominate with severe toxic insults. The
63 mM imidazole-HCI, pH 7.3, 10 mM 13-mercaptoethanol, and 5 dopamine metabolites DOPAC and HVA showed similar patterns
mM CaCI2 and is due to the cleavage of 150 jiM N-succinyl-LY- to dopamine. Q-VD-OPH itself did not influence catecholamine
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Table I
Q-VD-OPH attenuate striatal DA, DOPAC, and HVA depletion caused by acute MPTP toxicity but not that caused by chronic MPTP toxicity

MPTP DMSO (-tl) Q-VD in n DA DOPAC HVA
DMSO (mg/kg)

0 50 13 116.9 + 2.8 10.3 ± 0.5 14.2 ± 0.6
0 20 13 115.9 ± 4.3 10.6 ± 0.8 12.7 + 0.7
Acute regime (mg/kg)

10 50 14 34.9 ± 4.28 4.4 ± 0.3a 7.3 - 0.48

20 14 68.3 ± 7 .5,b 7.8 ± 0 .6ab 10.7 0 .6 ab

15 50 10 28.4 ± 5.6a 2.3 ± 0.4a 5.7 0.7a
20 8 49.8 5 .5a'b 4.0 + 0 .4 ab 9.0 1 .8a'b

20 50 11 17.1 - 3.0a 1.5 - 0.1a 4.5 ± 0.3a

20 11 17.1 ± 1.58 1.6 ± 0.1a 4.5 - 0.2a
Chronic regime (mg/kg)

15 50 13 51.7 + 4.6a 6.3 ± 0.6a 8.4 ± 0.6a
20 14 57.2 ± 2.6a 7.5 + 0.38 9.7 ± 0.4a

20 50 14 37.1 - 2.1' 3.7 ± 0.3a 7.2 ± 0.3a
20 12 42.1 - 3.2a 3.7 ± 0.2a 8.1 + 0.48

30 50 13 30.3 + 3.7a 2.8 + 0.3a 7.3 ± 0.81

20 13 41.1 ± 4.8' 3.6 - 0.5a 8.5 ± 0.7a

Values expressed as ng/mg protein; data expressed as mean ± SEM. Acute regime, MPTP dosed every 2 h for four times in total; chronic regime, MPTP dosed
once a day for 5 days. DA, Dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid.
8 Statistically significant from DMSO- or Q-VD-treated controls.
b Statistically significant from correspondent MPTP dosing mice.

metabolism in the striatum (data not shown). The protective The 3NP irreversibly blocks the mitochondrial enzyme succi-
property of Q-VD-OPH against acute MPTP toxicity was nate dehydrogenase. Systemic administration of 3NP by either
confirmed by preservation of TH-immunoreactive neurons in the intraperitoneal injection or subcutaneous pump implantation
SNpc. Administration of MPTP, 10 mg/kg, four times in a day, produces striatal lesions, which mimic the histopathology of HD
caused 30% cell loss in SNc as compared to controls, whereas (Brouillet et al., 1999). The 3NP-induced cell death involves
coinjection with 20 mg/kg Q-VD-OPH showed 15% cell loss caspase activation (Bizat et al., 2003; Duan et al., 2000). Therefore,
(Figs. I A, C, and E), achieving a 50% protective effect, which we studied whether the caspase inhibitor Q-VD-OPH could reduce
matches well with its 50% protection effect against striatal 3NP-induced striatal lesions. The 3NP was delivered subcuta-
dopamine depletion. neously via osmotic pumps for 7 days in Lewis rats. Lewis rats

We did not see a protective effect of Q-VD-OPH against were chosen in our study because they have a less individual
depletion of striatal dopamine and its metabolites in our chronic variability in their vulnerability to 3NP toxicity than Sprague-
MPTP toxicity dosing regimen, even though the severity of the Dawley rats (Ouary et al., 2000). The lesion volume of the striata
dopamine depletion caused by the three MPTP doses chosen in this of rats treated with vehicle was 28.8 ± 7 mm 3 and the lesion
regimen, 15, 20, or 30 mg/kg, once a day for 5 days, was milder volume was reduced to less than 50% of the vehicle controls in rats
than that seen in our acute regime (Table 1). However, a significant treated with Q-VD-OPH (12.4 ± 4 min3 , P < 0.05) (Fig. 2B).
preservation of TH-immunoreactive neurons in the SNpc by Q-
VD-OPH (17% cell loss) was observed with chronic MPTP Q-VD-OPHinhibitsMPTP- or 3NP-induced cleavage ofcaspase-8,
toxicity administered at 20 mg/kg, once a day for 5 days, which caspase-9, and Bid and reduces caspase-8 activity induced by 3NP
caused a 38% of TH-immunoreactive cell loss as compared to
controls (Figs. IB, D, and F). It is possible that with more chronic Caspase-3 activation can elicit the activation of caspase-8,
dosing, activation of calpain may play a more critical role in MPTP which can truncate Bid, and cause caspase-8-mediated mitochon-
toxicity as recently shown by other authors (Crocker et al., 2003). drial damage and cell death (Tang et al., 2000; Viswanath et al.,

2001). Bid is a member of the Bcl-2 family, and truncated Bid
Q-VD-OPH reduces both malonate- and 3NP-caused striatal translocates from the cytoplasm to mitochondria, where it appears
lesions to interact with and antagonize the actions of antiapoptotic

members of the Bcl-2 family, thereby causing an efflux of
Malonate is a reversible inhibitor of the mitochondrial enzyme cytochrome c from the mitochondria (Li et al., 1998). The

succinate dehydrogenase and is used to model HD (Beal et al., possibility that Q-VD-OPH blocks caspase activation is suggested
1993). Intrastriatal injection ofmalonate induces caspase cleavage by its neuroprotective effects in our MPTP, malonate, and 3NP
and apoptotic cell death, which is reduced by the caspase inhibitor animal models. We performed Western blots to investigate changes
N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketon (zVAD- in cleaved fragments of caspase-9, caspase-8, and Bid in our MPTP
fink) delivered into the brain by intraventricular injection (Schulz and 3NP animal models with or without Q-VD-OPH treatment. We
et al., 1998). Q-VD-OPH administration significantly reduced found that Q-VD-OPH inhibits MPTP- or 3NP-induced cleavage
striatal lesions produced by intrastriatal injection of malonate. of these two caspases as well as Bid. Animals treated with an acute
The lesion volume in the striatum of rats treated with vehicle was MPTP (15 mg/kg) regimen manifested significant elevations in
27.3 ± 2.0 mm 3. Q-VD-OPH significantly (P < 0.05) reduced cleaved caspase-9, caspase-8, and Bid in midbrains, whereas these
the striatal lesion volume by 30% to 19.3 ± 2.6 mm3 (Fig. 2A). elevations were diminished to control levels in animals cotreated



254 L. Yang et al. / Neurobiology of Disease 17 (2004) 250-259

i A:

Fig. I. Immunostaining for tyrosine hydroxylase-positive neurons in substantia nigra pars compacta in mice treated with just vehicle DMSO (A and B), acute
MPTP dose regime alone (C) and with Q-VD-OPH (E), chronic MPTP dose regime alone (D) and with Q-VD-OPH (F). As shown in the figure, both MPTP
dose regimes significantly reduce the number of TH-immunoreactive-positive neurons and Q-VD-OPH treatment significantly preserves the loss of neurons.
All the representative pictures were taken from midbrain sections -3.52 mnu away from bregma. Scale bar = 200 gin.
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Fig. 2. TrC staining showing striatal lesions (see arrows) caused by intrastriatal malonic acid (MA) injection (A) and subcutaneous 3NP infusion (B). Q-VD-
OPH significantly reduced striatal lesion volumes caused by these two toxins. Bar graphs show the comparison between groups; *P < 0.05.
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with Q-VD-OPH (Fig. 3). MPTP also induced a significant components, neurotransmitter membrane receptors, and transcrip-
increase of procaspase-9 and procaspase-8 in these brain regions; tion factors (Chan and Mattson, 1999). Activation of calpain plays
however, Q-VD-OPH did not block the increases of procaspases an important role in cell death induced by excitotoxicity and
indicating that it is specifically targeting caspase cleavage, hypoxia or ischemia, which are associated with calcium dysregu-
Following systemic delivery of 3NP to rats by subcutaneously lation. It was recently shown that calpain plays a role in striatal
installed osmotic minipumps, we found that both pro- and cleaved degeneration in vivo in a chronic model of 3NP administration
forms of caspase-9 and caspase-8 increased in the striatum at 1, 3, (Bizat et al., 2003). Since there exists a crosstalk between calpain
and 5 days. Q-VD-OPH significantly inhibited 3NP-induced and caspase pathways and calpain may down-regulate the caspase-
increments in the cleaved fragments of these two caspases. The 9 or caspase-3 pathway, we examined whether Q-VD-OPH
cleaved fragment of Bid in the striatum was significantly increased interacted with calpain (Bizat et al., 2003). We found a fivefold
from the 3rd day on following 3NP administration, and Q-VD- increase in calpain activity in the striatum on the 5th day following
OPH reduced the cleaved Bid fragments to the control levels on the systemic 3NP administration. Administration of the caspase
5th day following 3NP delivery. The lag in Bid cleavage shown in inhibitor Q-VD-OPH slightly reduced 3NP-induced activation of
our Western blots is probably due to its property as a specific calpain, but this was not statistically significant, and in vitro Q-
substrate of active caspase-8 (Fig. 4). In our enzyme activity VD-OPH demonstrated no inhibitory effect on t-calpain activity
assays, caspase-8 activity was significantly increased on the 3rd (Fig. 6B).
day following 3NP delivery and was reduced by Q-VD-OPH to a
level that was not significantly different from the control levels Discussion
(Fig. 5).

In the present study, we examined the efficacy of a novel
Q-VD-OPH does not inhibit increased calpain activity induced in systemically active caspase inhibitor against lesions produced by
vivo by 3NP mitochondrial toxins, which have been used to model human

neurodegenerative diseases. We examined the effects of the novel
Calpains (gt calpain and m-calpain) belong to a family of peptidyl broad-spectrum caspase inhibitor Q-VD-OPH. This

cysteine proteases, which are different from caspases. Calpains are compound is a new generation broad-spectrum caspase inhibitor
present in the cell cytosol as heterodimers consisting of a catalytic that offers improvements in potency, stability, and toxicity over the
80-kDa subunit and a regulatory 30-kDa subunit. They are benchmark caspase inhibitor z-VAD-Fmk (Caserta et al., 2003).
activated by increases in calcium concentration leading to autolytic The improvements derive from significant changes in its structural
processing (Chan and Mattson, 1999; Wang, 2000). Once activated design that include replacement of the carbobenzoxy blocking
by micromolar concentrations of Ca 2+, Ls-calpain can itself activate group (Z) with a quinoline derivative (Q), modification of the
m-calpain through a "heterolytic" processing (Tompa et al., 1996). tripeptide sequence from VAD to VD, and replacement of the toxic
In the brain, calpain participates in Ca 2k-dependent events such as fluoromethyl ketone (FMK) with the nontoxic 2,6-difluorophenol
synaptic plasticity. Many protein substrates of calpain have been leaving group. The mechanism of action involves the formation of
identified such as intracellular signaling kinases, cytoskeleton an irreversible thioether bond between the aspartic acid derivative
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Aos caspase-9

cleaved cas-9

B 0.25

caspase-8

cleaved cas-8
cleaved cas-8
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f Bidi'p~pCleaved Bid
Control MPTP MPTP Control MPTP MPTP

Q-VD Q-VD

Fig. 3. Western blots showing accumulations of caspase-9 (A), caspase-8 (B), and Bid (C) in midbrains in mice treated with vehicle (control), MPTP alone, and
MPTP with Q-VD-OPH (Q-VD). MPTP induces significant increases in cleaved caspase-9, caspase-8, and Bid fragments and Q-VD-OPH significantly inhibits
these MPTP-induced increases. Bar graphs show the comparison among groups; *statistically significant from controls; #statistically significant from MPTP
alone group. Gel graphs also show that the production of procaspase-9 and procaspase-8 was markedly induced by MPTP and is not inhibited by Q-VD-OPH.
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Fig. 4. Western blots showing accumulations of caspase-9 (A), caspase-8 (B), and Bid (C) in the striatum of rats treated with vehicle (a), 3NP alone (b, d, and
J), and 3NP with Q-VD-OPH (c, e, and g) at day I (b and c), day 3 (d and e), and day 5 (f and g) following 3NP subcutaneous infusion. 3NP induces
significant increases in cleaved caspase-9 and caspase-8 fragments in the striatum at all time points, and Q-VD-OPH significantly inhibited these 3NP-induced
increases. The accumulation of cleaved Bid fragments was significantly increased by 3NP from the 3rd day onward and was significantly reduced by Q-VD-
OPH at 5th day following 3NP infusion. Bar graphs show the comparison among groups; *statistically significant from vehicle controls; #statistically
significant from 3NP alone group. Gel graphs also show the production of procaspase-9, and procaspase-8 was markedly induced by 3NP and was not inhibited
by Q-VD-OPH.

in the inhibitor and the active site cysteine of the caspase, with major apoptotic pathways: caspase-9/3, caspase-8/10, and caspase-
displacement of the 2,6-difluorophenol leaving group. In vitro 12 (Caserta et al., 2003).
studies show that Q-VD-OPH inhibits caspases-1, -3, -8, and -9 In the present studies, we found that Q-VD-OPH produced
with IC 50 values of 25-400 nM (Enzyme Systems, unpublished significant protection against an acute regimen of MPTP-induced
data). It is much more potent than zVAD-Fmk in inhibiting dopamine depletion with moderate dosing (70% and 76%
apoptosis in vitro and it blocks apoptosis mediated by the three depletions), whereas it had no protective effect with a more severe

regimen producing a dopamine depletion of 86%. This may reflect
20o a greater involvement of necrosis when MPTP is administered at

• higher doses. The protective effect of Q-VD-OPH was confirmed
16 by protection of TH immunoreactive neurons in the SNc.

7 ,•We also utilized a subacute dosing regimen of MPTP at 30 mg
12 daily for 5 days, which was shown to induce cell death by apoptosis

as assessed by terminal deoxynucleotidyl transferase labeling
8 (TUNEL), and acridine orange to visualize clumped chromation

(Tatton and Kish, 1997). Following administration of MPTP, there is
evidence for apoptotic cell death as well as activation of caspase-9,
caspase-3, caspase-8, and Bid cleavage (Hartmann et al., 2000;
Tatton and Kish, 1997; Turmel et al., 2001; Viswanath et al., 2001).

Control 3NP 3NP 3NP 3NP 3NP 3NP With a chronic dosing regimen of MPTP 30 mg/kg once a day for 5
Q-VD Q-VD Q-VD days, there was no protection against dopamine depletion. However,

Day I Day 3 Day 5 there was a significant protection against loss of TH immunoreactive

Fig. 5. Proteolytic activity of active caspase-8 from the striatal tissues in rats neurons in the SNpc when MPTP was administered at a lower dose

treated with vehicle (control), 3NP alone, and 3NP with Q-VD-OPH (Q- of 20 mg/kg once a day for 5 days.
VD) at days 1, 3, and 5 following 3NP subcutaneous infusion. Caspase-8 Interestingly, we observed a similar improved preservation of
activity increased significantly at the 3rd day following 3NP infusion and dopamine following acute MPTP administration, as compared to
was reduced by coinjecting Q-VD-OPH, but the reduction failed to reach chronic MPTP administration, in transgenic mice overexpressing
statistical significance. *Statistically significant from the vehicle control. the antiapoptotic protein Bcl2.
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Fig. 6. (A) Proteolytic activity of calpain in striatal tissues of rats treated with vehicle (a), 3NP alone (b, d, and]), and 3NP with Q-VD-OPH (c, e, and g) at
days 1, 3, and 5 following 3NP subcutaneous infusion. Calpain activity increased more than fourfold at the 5th day following 3NP infusion (*P < 0.0001 when
compared to vehicle controls). Q-VD-OPH had no effect on the in vivo calpain activity alteration. (B) In vitro dose-response inhibition results, showing thatQ-
VD-OPH has no effect on inhibiting calpain activity.

Adenovirus administration of a protein caspase inhibitor, x- lesions were attenuated in transgenic mice overexpressing the
linked inhibitor of apoptosis protein (XIAP), protects dopamine antiapoptotic protein Bcl2 or a dominant-negative inhibitor of
cell bodies but does not protect terminals (Xia et al., 2001), similar caspase-I (Andreassen et al., 2000; Bogdanov et al., 1999).
to the effects we observed with Q-VD-OPD treatment with MPTP In the present study, the broad-spectrum caspase inhibitor Q-
administration at 20 mg/d for 5 days. The reason for this protection VD-OPH significantly reduced striatal lesions produced by either
of cell bodies in preference to axons is unclear. It has been malonate or 3NP. We also studied the mechanism of Q-VD-OPH
demonstrated that apoptotic cell death programs are present in axon by investigating changes in cleaved fragments of caspase-9 and
terminals and that activation of them may precede activation of caspase-8 as well as Bid following either MPTP or 3NP
apoptosis in cell bodies (Mattson and Duan, 1999). Furthermore, it administration. We found that MPTP administration induced
has been demonstrated that Bcl-2 overexpression protects against significant increases in cleaved caspase-9, caspase-8, and Bid in
motor neuron cell body loss but not axonal degeneration in the the midbrain and striata, which were blocked in mice treated with
progressive motor neuropathy mouse (Sagot et al., 1995). An Q-VD-OPH. Similarly, following administration of 3NP to rats,
analogous situation may occur with chronic MPTP administration, there were increases in cleaved caspase-9, caspase-8, and Bid in the

Mice with a dominant-negative inhibition of caspase-I and striatum at 1, 3, and 5 days, which were significantly inhibited by
mice deficient in the proapoptotic protein Bax are also resistant to Q-VD-OPH administration. We also investigated whether Q-VD-
MPTP toxicity (Klivenyi et al., 1999; Vila et al., 2001). A OPH could inhibit calpain activity following administration of
deficiency of p53, overexpression of p35 (a broad-spectrum viral 3NP. An in vitro dose-response study showed that Q-VD-OPH had
caspase inhibitor), transgenic mice overexpressing XIAP, and no effect on calpain activity, and it had no significant effect on
pharmacologic inhibition of the proapoptotic c-Jun NH12-terminal blocking 3NP induced increases in ealpain activity in vivo.
kinase (JNK) pathway also protect (Crocker et al., 2003; Eberhardt A role for caspase activation in the pathogenesis of neuro-
et al., 2000; Offen et al., 1998; Saporito et al., 2000; Trimmer et al., degenerative diseases has been established on the basis of studies
1996; Viswanath et al., 2001; Yang et al., 1998). in both postmortem brain tissue as well as animal models of

We found that Q-VD-OPH significantly reduced striatal lesions neurodegenerative diseases (Mattson, 2000; Friedlander, 2003). In
produced by the reversible and irreversible succinate dehydrogen- postmortem spinal cord tissue of ALS patients, there is activation
ase inhibitors malonate and 3NP. Both of these compounds have of caspase-1 and caspase-3, as well as morphologic evidence of
been used to mimic the histopathologic and phenotypical features apoptosis (Li et al., 2000; Martin, 1999). A dominant-negative
of Huntington's disease (Brouillet et al., 1999, 2000). Intrastriatal inhibitor of caspase-I and intracerebroventricular administration of
injection of malonate results in TUNEL-positive neurons and zVAD-Fmk significantly prolong survival in ALS-transgenic mice
induces cleavage of caspase-2 beginning at 6 h and caspase-3-like (Friedlander et al., 1997; Li et al., 2000). In ALS-transgenic mice,
activity at 12 h (Schulz et al., 1998). Malonate lesions are there is early caspase-1 activation followed by caspase-3 activation
attenuated in transgenic mice expressing a dominant-negative (Li et al., 2000; Pasinelli et al., 2000; Vukosavic et al., 1999;
inhibitor of caspase-l, as well as by intrastriatal injection of the Vukosavic et al., 2000). Caspase-9 activation and cleaved Bid are
broad-spectrum caspase inhibitor zVAD-Fmk (Andreassen et al., seen early in symptomatic G93A SODI-transgenic ALS mice,
2000; Schulz et al., 1998). whereas activation of caspase-8 occurs in end-stage mice (Gu~gan

There is also substantial evidence that at least part of the et al., 2002). A recent study, however, showed that although
molecular machinery involved in apoptosis may be involved in 3NP caspase- I1 deficiency blocked increases in caspase-I and caspase-
toxicity (Alexi et al., 1998; Behrens et al., 1995; Duan et al., 2000; 3 activity in a transgenic mouse model of ALS, there was no effect
Garcia et al., 2002; Kim et al., 2000; Sugino et al., 1997). Treatment on disease onset and progression (Kang et al., 2003).
of cultured hippocampal neurons with 3NP results in either necrotic In PD substantia nigra, there is evidence for TUNEL staining,
or apoptotic cell death (Pang and Geddes, 1997), and cycloheximide ultrastructural changes of apoptosis, and evidence of chromatin
prevents the apoptotic cell death. The 3NP induces apoptosis in the condensation using a fluorescent dye that binds to DNA (Anglade et
striatum of rats as detected by TUNEL staining and intemucleoso- al., 1997; Mochizuki et al., 1995; Tatton et al., 1998). The number of
mal DNA fragmentation (Sato et al., 1998). We found that 3NP neurons immunoreactive for activated caspase-3 was increased from
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3.9% in controls to 6.5% in PD SNc (Hartmann et al., 2000). Parkin, a major cell death effector in selective striatal degeneration induced
which is implicated in early onset PD, may play a role since it binds in vivo by 3-nitropropionate. Implication for Huntington's disease.

to mitochondria, and overexpression blocks mitochondrial swelling J. Neurosci. 23, 5020-5030.

and cytochrome c release (Darios et al., 2003). Bogdanov, M.B., Ferrante, R.J., Mueller, G., Ramos, L.E., Martinou, J.C.,
In HD, we found increased neuronal cytochrome c immunor- Beal, M.F., 1999. Oxidative stress is attenuated in mice overexpressing
niD, weifound increased neuronal ceveritytochromec i etunor, BCL-2. Neurosci. Left. 262, 33-36.

eactivity with increased neuropathologic severity (Kiechle et al., Brouillet, E., 2000. Animal models of Huntington's disease, from basic
2002). There is also evidence of increases in activated, caspase-1, research on neuronal death to assessment of new therapeutic strategies.
caspase-9, caspase-3, and caspase-8, (Kiechle et al., 2002; Ona et Funct. Neurol. 15, 239-251.
al., 1999; Sanchez et al., 1999). In transgenic mouse models of Brouillet, E., Conde, F., Beal, M.F., Hantraye, P., 1999. Replicating
HD, a dominant-negative inhibitor of caspase-1 and intracerebro- Huntington's disease phenotype in experimental animals. Prog. Neuro-
ventricular administration of zVAD-Fmk, and as well as admin- biol. 59, 427-468.
istration of minocycline, which indirectly inhibits caspase-I and Caserta, T.M., Smith, A.N., Gultice, A.D., Reedy, M.A., Brown, T.L., 2003.

caspase-3, improves survival (Chen et al., 2000; Ona et al., 1999). Q-VD-Oph, a broad spectrum caspase inhibitor with potent antiapop-

Caspases may also play a role in processing of huntingtin totic properties. Apoptosis 8, 345-352.
(Wellington et al., 2002). Chan, S.L., Mattson, M.P., 1999. Caspase and calpain substrates, roles in

(Wellingtnet activation 2 . psynaptic plasticity and cell death. J. Neurosci. Res. 58, 167-190.
Caspase activation may theiefore play a critical role in the Chen, M., Ona, V.O., Li, M., Ferrante, R.J., Fink, K.B., Zhu, S., Bian, J.,

pathogenesis of neurodegenerative diseases. Our present findings Guo, L., Farrell, L.A., Hersch, S.M., Hobbs, W., Vonsattel, J.P., Cha,
show that Q-VD-OPH is neuroprotective in mitochondrial toxin J.H., Friedlander, R.M., 2000. Minocycline inhibits caspase-1 and
models of PD and HD and that it blocks activation of caspase-9 caspase-3 expression and delays mortality in a transgenic mouse model
and caspase-8, as well as cleavage of Bid. We do not yet know the of Huntington's disease. Nat. Med. 6, 797-801.
long-term effects of Q-VD-OPH but we have administered it over Crocker, S.J., Liston, P., Anisman, H., Lee, C.J., Smith, P.D., Earl, N.,
several months in transgenic mice without evidence of toxicity. In Thompson, C.S., Park, D.S., Komeluk, R.G., Robertson, G.S., 2003.

summary, Q-VD-OPH appears to be a novel systemically active Attenuation of MPTP-induced neurotoxicity and behavioral impairment

broad-spectrum caspase inhibitor, which has the potential to exert in NSE-XIAP tranagenic mice. Neurobiol. Dis. 12, 150-161.
therapeutic effects in a broad-spectrum of neurodegenerative Darios, F., Corti, 0., Lucking, C.B., Hampe, C., Muriel, M.P., Abbas, N.,thserapeuc eGu, W.J., Hirsch, E.C., Rooney, T., Ruberg, M., Brice, A., 2003. Parkin
diseases. prevents mitochondrial swelling and cytochrome c release in mitochon-

dria-dependent cell death. Hum. Mol. Genet. 12, 517-526.
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Minocycline has been shown previously to have benefi- 1985) leading to many deleterious consequences, includ-
cial effects against ischemia in rats as well as neuropro- ing increased free radical production, resulting ultimately
tective properties against excitotoxic damage in vitro, in cell death.
nigral cell loss via 6-hydroxydopamine, and to prolong There is accumulating evidence that suggests the
the life-span of transgenic mouse models of Hunting- involvement of specific immune reactions in pathogenesis
ton's disease (HD) and amyotrophic lateral sclerosis of several neurodegenerative disorders, including PD (Mc-
(ALS). We investigated whether minocycline would pro- Geer et al., 1993). These include studies demonstrating the
tect against toxic effects of 1-methyl-4-phenyl-1,2,3,6- presence of microglia, T-lymphocytes, and inducible ni-
tetrahydropyridine (MPTP), a toxin that selectively de- tric oxide synthase (iNOS) in PD SNpc as well as in-
stroys nigrostriatal dopaminergic (DA) neurons and creased expression of inflammatory cytokines in the stria-
produces a clinical state similar to Parkinson's disease tum from parkinsonian brains (for review, see Nagatsu et
(PD) in rodents and primates. We found that although al., 2000). Further, microglial and astrocytic proliferation
minocycline inhibited microglial activation, it significantly have been described in damaged regions after MPTP
exacerbated MPTP-induced damage to DA neurons. We administration (Kurkowska-Jastrzebska et al., 1999). These
present evidence suggesting that this effect may be due results, coupled with the observation that tyrosine-
to inhibition of DA and 1 -methyl-4-phenylpridium (MPP+) hydroxylase (TH)-immunoreactive SNpc cell bodies in
uptake into striatal vesicles. © 2003 Wiley-Liss, Inc. mice lacking the iNOS gene are relatively resistant to

MPTP toxicity (Liberatore et al., 1999), suggest that glialKey words: inflammation; Parkinson's disease; vesicles; activation and the subsequent release of nitric oxide (NO)
tetracycline; doxycycline may contribute to MPTP toxicity.

Minocycline, a second-generation tetracycline, has
anti-inflammatory properties independent of its antimi-

Parkinson's disease (PD) is a neurodegenerative dis- crobial effects. Minocycline has been reported to have
order of unknown etiology characterized by the loss of beneficial effects against both focal and global ischemia in
dopaminergic neurons (DA) in the substantia nigra pars rats (Yrjanheikki et al., 1998, 1999) as well as neuropro-
compacta (SNpc). The clinical features of PD include a tective properties against excitotoxic damage in vitro and
resting tremor, bradykinesia, stooped posture, shuffling nigral cell loss via 6-hydroxydopamine in mice (He et al.,
gait, difficulty swallowing, and rigidity in the extremities 2001; Tikka et al., 2001). It has been reported to delay
accompanied by a loss in control of fine movements. A disease progression and prolong the life-span of transgenic
pivotal event in PD research was the demonstration of the
toxicity of 1-methyl-4-phenyl-l,2,3,6-tetrahydropyridine
(MPTP) to DA neurons. Systemic administration of Contract grant sponsor: USAMRC; Contract grant sponsor: The Parkin-

MPTP produces DA cell loss and a clinical state similar to son's Disease Foundation; Contract grant sponsor: National Institute of

idiopathic PD in both humans and experimental animals Neurological Disorders and Stroke (NINDS).

(Langston et al., 1983; Heikkila et al., 1984). MPTP *Corresponding author: M. Flint Beal, MD, Department of Neurology and
is converted to its toxic metabolite 1-methyl-4- Neuroscience, Weill Medical College at Cornell University, Room F 610,

phenylpyridium (MPP+) by monoamine oxidase B (Chiba 525 East 68th Street, New York, NY 10021.

et al., 1984). MPP is accumulated actively in DA neu- E-mail: fbeal@med.cornell.edu

rons by the high-affinity DA transporter (avitch et al., Received 22 April 2003; Revised 16 May 2003; Accepted 20 May 2003
1985) and exerts its toxic effects by inhibiting complex I of
the mitochondrial electron transport chain (Nicklas et al.,

C 2003 Wiley-Liss, Inc.
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mouse models of Huntington's disease (HD) and amyo- Neurochemical Measurements
trophic lateral sclerosis (ALS) (Chen et al., 2000; Zhu et Striatal levels of DA and its metabolites were measured by
al., 2002). Several mechanisms have been suggested to high-pressure liquid chromatography (HPLC) with electro-
explain these neuroprotective properties of minocycline, chemical detection, and TH activity by a radioenzymatic tech-
including inhibition of caspase-1, caspase-3, inducible ni- nique as described previously (Albers et al., 1996; Yang et al.,
tric oxide synthase (iNOS) expression, and the mitochon- 1998). Striatal MPP+ levels were measured by HPLC with UV
drial permeability transition (Amin et al., 1996; Yrjan- detection as described previously (Matthews et al., 1999). All
heikki et al., 1998, 1999; Chen et al., 2000; Du et al., samples were normalized for protein content, which was deter-
2001; He et al., 2001; Tikka et al., 2001; Zhu et al., 2002). mined spectrophotometrically using the Bio-Rad protein assay
We investigated whether minocycline would protect kit (Bio-Rad, Hercules, CA).
against toxic effects of MPTP. A recent report showed that
minocycline blocked MPTP-induced microglial activa- HPLC Assay for Minocycline and Tetracycline
tion and toxicity to DA neurons (Wu et al., 2002). Using For HPLC determinations of minocycline and tetracy-
a different dosing regimen, we found that minocycline cine levels, 4 animals were examined from each group (mino-
blocked MPTP-induced microglial activation, but in con- cycline or tetracycline alone and minocycline or tetracycline
trast we found that MPTP toxicity to DA neurons was with co-injection of MPTP). Minocycline or tetracycline were
exacerbated. administered at 45 mg/kg i.p. twice per day, starting 12 hr

before administration of MPTP, which was administered at 10
MATERIALS AND METHODS mg/kg i.p. every 2 hr, for 4 doses. At 2 hr after the last MPTP

MPTP, tetracycline, doxycycline, minocycine, amphet- dose and 1 hr after the last rninocycline or tetracycline dose,

amine, and creatine were obtained from Sigma (St. Louis, MO). animals were perfused intracardially with PBS to wash out blood

Minocycine (0.005%), creatine (2%), and the combined mino- from the brain, and perfused brain tissues were taken for

cycline (0.005%)/creatine (2%) test diets were manufactured by HPLC assay.

Purina Test Diet, Inc. (Richmond, IN). All drugs were dis- Dissected striata were sonicated and centrifuged
solved in phosphate-buffered saline (PBS; pH 7.4). (14,000 X g, 2X 10 mmin) in chilled 0.05 M perchloric acid, and

50 til ofsupematant was isocratically eluted through a 250 X 4.6

Animals and Drug Administration mm X 5 pim C18 column (Tosoh Biosep, Japan) with a mobile
phase containing 200 mM NaH 2PO4 , 1 mM 1-octanesulfonic

All experiments were conducted in either young (2-3 acid, and 25% (v/v) acetonitrile, and detected at 354 nm wave-
month) or old (8 month) male C57BL mice (Jackson Labs, Bar length by a Waters 490 UV detector (Sharon, MA). Concen-
Harbor, ME) in accordance with the NIH Guide for the Care trations of minocycline and tetracycline are expressed as pg/mg
and Use of Laboratory Animals, and all procedures were ap- protein. Protein concentration was determined by using the
proved by a local Animal Care and Use Committee. Mice were Bio-Rad method and Perkin Elmer Bio Assay Reader (Nor-
group-housed at 20-22°C and maintained on a 12-hr light-dark walk, CT).
cycle with food and water available ad lib.

Mice received four intraperitoneal (i.p.) injections of Vesicle Preparation
MPTP (5, 10, 15, or 20 mg/kg) or PBS vehicle at 2-hr intervals, Vesicles were prepared as described previously (Staal and
as described previously (Sonsalla et al., 1992). Mice were pre- Sonsalla, 2000). Striata from mice (total of 120-150 mg wet
treated I day before MPTP administration with minocychne, weight tissue) were homogenized in 0.32 M sucrose and sub-
doxycycline, tetracycline (2X 45 mg/kg or 60 mg/kg i.p.), or jected to a number of centrifugation steps. At the end of the last
PBS vehicle at 12-hr intervals. Mice were again treated with centrifugation, the pellet was resuspended in vesicle assay buffer
PBS or minocycline, doxycycline, or tetracycline (2X 45mg/kg (VAB, pH 7.4): 25 mM HEPES, 100 mM potassium tartrate,
or 60 mg/kg at 12-hr intervals) on the day of MPTP adminis- 0.5 mM EDTA, 0.05 mM EGTA, 2 mM ATP-Mg2+, 1.7 mM
tration and post-treated for 1 day with a reduced dose (2X 22.5 ascorbic acid and 4 mM KCl, pH 7.4). The final vesicle sus-
mg/kg or 30 mg/kg at 12-hr intervals). We also tested effects on pension was used for [3H]-DA and [3H]-MPP+ uptake and
MPTP toxicity of minocycine administered orally, either by protein determination.
gavage or in the diet. Mice were pretreated 2 days before MPTP
administration with PBS or minocycline (1 X 90 or 120 mg/ Vesicular [3H]-DA and [3H]-MPP+ Uptake
kg/day, orally by gavage) and for 7 days after MPTP treatment. Vesicle suspensions (5 jig protein) were incubated with
In another experimental group, mice were fed for 2 weeks buffers containing [3H]-DA and cold DA or [3 lH]-MPP+ and
before and during MPTP administration (4X 10 mg/kg at 2-hr cold MPP for 2 min at 37 0C and uptake terminated by the
intervals) with diets containing minocycline (0.005%), creatine addition of ice-cold VAB (no ascorbate or ATP-Mg2+) as
(2%), or combined minocycline (0.005%)/creatine (2%). Con- described previously (Del Zompo et al., 1993; Staal et al., 2000).
trol animals were fed unsupplemented diet. In these studies, Vesicles were collected on Whatman F filters washed with 0.5%
animals were fed the special diets throughout the study period polyethylenenine to prevent MPP+ sticking to glass filters,
until the day of sacrifice. In all MPTP experiments, mice were washed with ice-cold VAB, and immersed in ethanol to extract
sacrificed 7 days after MPTP treatment. Both neostriata were the [3H]-DA or [3H]-MPP+. Radioactivity was determined by
dissected, frozen rapidly and stored at -80'C until assayed. scintillation spectroscopy. Nonspecific uptake was determined as
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TABLE I. Neurochemical Effects of MPTP and Minocycline in Young and Old C57BL Micet

DA (ng/mg DOPAC (ng/ DOPAC/DA HVA (ng/mg TH activity
Treatment n protein) mg protein) ratio protein) (nmol/g/hr)

Young mice (2-3 months old)
PBS 26 124 ± 7.7 10.4 ± 0.8 0.10 ± 0.01 14.4 ± 0.5 519 ± 26
Minocycline (2 X 45 mg/kg, ip) 22 130 ± 9.2 12.4 ± 1.2 0.12 ± 0.02 16.3 ± 0.7 588 ± 64
MPTP (4 X 10 mg/kg) 33 66 ± 3.8* 7.9 ± 1.0* 0.10 ± 0.01 10.4 ± 0.4* 260 ± 27*

+ Minocycline (2 X 45 mg/kg, ip) 20 36 ± 3.6** 7.2 ± 1.2* 0.18 ± 0.02** 8.2 ± 0.4** 130 ± 18"*
+ Minocycline (2 X 60 mg/kg, ip) 10 43 ± 4.2** 13.5 ± 1.0** 0.18 ± 0.01** 9.2 ± 0.4** ND
+ Minocycline (1 X 90 mg/kg, po) 9 49 ± 5.2** 16.6 ± 1.3** 0.20 ± 0.01** 9.8 ± 0.4* ND
+ Minocycline (1 X 120 mg/kg, po) 11 53 ± 4.6** 16.3 ± 1.2** 0.18 ± 0.01** 10.1 ± 0.3* ND

MPTP (4 X 15 mg/kg) 32 36 ± 3.3* 2.6 ± 0.2* 0.09 ± 0.002 6.5 ± 0.3* ND
+ Minocycline (2 X 45 mg/kg, ip) 31 19 ± 1.8** 1.7 ± 0.1** 0.12 ± 0.04** 5.3 ± 0.2** ND

MPTP (4 X 20 mg/kg) 10 24 ± 2.4* 2.3 ± 0.2* 0.10 ± 0.0i 5.7 ± 0.4* ND
+ Minocycline (2 X 45 mg/kg, ip) 10 16 ± 3.9** 1.5 ± 0.2** 0.14 ± 0.01** 4.4 ± 0.4** ND

Old mice (8 months old)
PBS 7 80 ± 4.7 14.7 ± 3.3 0.19 ± 0.05 9.4 ± 0.4 340 ± 34
Minocycline (2 X 45 mg/kg, ip) 8 82 ± 1.6 16.0 ± 3.0 0.20 ± 0.03 10.5 ± 0.4 370 ± 22
MPTP (4 X 5 mg/kg) 10 33 ± 6.4* 12 ± 1.9 0.38 ± 0.03* 6.7 ± 0.6* 222 ± 38*
MPTP + minocycline 9 16 ± 3.9** 7.6 ± 1.3** 0.52 ± 0.05** 5.4 ± 0.5* 104 ± 16**

tData expressed as mean ± SEM. ND, not determined. DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; TH, tyrosine

hydroxlase.
*Significantly different from PBS-treated controls (P < 0.05).
**Significantly different from MPTP-treated mice (P < 0.05).

TABLE II. TH-Immunopositive and Cresyl Violet-Stained Cell Counts in SNpc 7 days After
Minocycline and MPTP Treatmnentt

Treatment n TH-immunopositive neurons Cresyl violet-stained neurons

PBS 4 10,320 ± 303 13,016 ± 494
Minocycline alone (2 X 45 mg/kg, ip) 4 10,658 ± 160 13,160 ± 450
MPTP alone (4 X 10 mg/kg, ip) 4 9,286 ± 186* 11,416 ± 284*
Minocycline + MPTP 4 3,720 ± 792** 4,816 ± 304**

tData expressed as mean ± SEM. TH, tyrosine hydroxylase.
*Statistically different from PBS alone (P < 0.05).
**Statistically different from MPTP alone (P < 0.05).

[3H]-DA or [3H]-MPP+ uptake in samples incubated on ice, Cresyl Violet Staining
and by the effects of amphetamine. Midbrain sections containing SNpc were stained with

Immunostaining for Tyrosine Hydroxylase and cresyl violet. Sections were then mounted on gelatinized slides,

Microglia left to dry overnight, dehydrated in increasing alcohol concen-

Hindbrains from mice were fixed in 4% paraformalde- trations, and coverslipped with Permount.

hyde for 24 hr and cryoprotected in 30% sucrose overnight. Cell Counting
Sections (40 jim) were washed for 30 rmin in PBS, incubated g
with 1% bovine serum albumin (BSA) and 0.2% Triton The total number of TH-immunoreactive cell bodies and
X-100 in 0.1 M PBS for I hr, washed in PBS containing 0.5% cresyl violet-stained SNpc neurons were counted in 4 mice per
BSA for 30 min, then incubated overnight in blocking solu- group using the .optical dissector technique, as published previ-
tion containing antibodies to either TH (1:25,000; Weiser et ously (Coggeshall, 1992; Gundersen, 1992; DeGiorgio et al.,
al., 1993) or CD11b (1:1,000: Serotec, UK). CD11b reacts 1998; Volpe et al., 1998) with minor modifications. In brief,
with the mouse complement type 3 receptor (CR3). Sections serial midbrain sections containing SNpc were stained for TH
were washed in PBS-BSA, incubated for 1 hr with biotinyl- and cresyl violet. Digital images of TH-immunoreactive SNpc
ated secondary anti-rabbit or anti-rat antibodies (Vector Lab- neurons were acquired at 30X magnifications on a Zeiss Axio-
oratories, Burlingame, CA) and visualized by reaction with phot microscope fitted with an Axiocam video camera. A
3,3'-diaminobenzidine-tetrahydrochloride (DAB; 0.05%) as counting frame (100 jim X 100 Jim) created by KS 400 image
a chromagen and hydrogen peroxide (0.003%) for 5 min. analysis software (Zeiss, Thornwood, NY) was systematically
Sections were mounted on gelatin-coated slides, dehydrated passed over the outlined SNpc by a motorized stage. Neurons
through graded ethanols, and cleared in xylene before being were counted under 10OX oil magnification as they appeared
coverslipped with Permount. within the counting frame (50 jim X 50 jim). This procedure
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Fig. 1. Microglial staining in SNpc (A,C,E) and SNpr (B,D,F) in 8-month-old mice treated with
PBS (A,B), MPTP alone (C,D), and MPTP+ minocycline. (EF). As expected, there is robust
microglial activation after MPTP treatment in the SNpc and SNpr (CD), which is blocked by
concurrent administration of minocycline (E,F). Scale bar = 20 Rxm.

was carried out on four sections at a periodicity of 160 pRm in the (ANOVA) followed by Newman-Keuls test (Instat, San Diego,
SNpc. All TH- or cresyl violet-stained neurons were counted. CA). Differences were considered significant at P < 0.05.
An average neuron density was obtained by summing the num- RESULTS AND DISCUSSION
ber of neuron profiles divided by the calculated volume. The
total number of neurons was calculated as the product of the The MPTP dosing regimens employed in these stud-
neuron density and the volume of SNpc as described previously ies have been characterized previously (Sonsalla et al.,
(Volpe et al., 1995; DeGiorgio et al., 1998). 1992) and shown to result in moderate DA depletion

within the adult mouse striatum. Seven days after MPTP
Statistical Analysis treatment, striatal DA, its metabolites 3,4-dihydroxy-

Values of neurochemical measurements are expressed as phenylacetic acid (DOPAC) and homovanillic acid
the mean t SEM. Results were analyzed by non-parametric (HVA), as well as tyrosine hydroxylase (TH) activity were
Mann-Whitney U-test or one-way analysis of variance decreased in a dose-dependent manner (Table I). Using an
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IM Con M Crt M Crt+Mlno Mino whether this loss of immunostaining was due to loss of
PBS PBS PBS PBS TH-positive neurons, or a downregulation of TH. The

m Con m Crt EiCrt+Mino Ei Mino reductions in cresyl violet-stained cells were similar to
MPTP MPTP MPTP MPTP those found via TH immunohistochemistry, confirming

the loss of TH-irmnunopositive cells (Table II). It is note-
worthy that the mean number of SNpc neurons in our
analysis is comparable to previously published reports

90 (German arqd Manaye, 1993; Volpe et al., 1995).
It has been suggested that neuroprotective effects of

minocycline are due to inhibition of microglial activation
60' (Yrjanheikki et al., 1998, 1999; Chen et al., 2000; Du et al.,

2001; He et al., 2001; Tikka et al., 2001; Wu et al., 2002). To
# • examine effects of minocycline treatment on microglial acti-

30' vation in our dosing paradigm, we conducted studies in older
mice (8 months), where a robust MPTP-induced microglial
activation can been observed as early as 12 his post-MPTP

0' and remains elevated for up to 14 days (Kurkowska-
Fig. 2. Effects of 0.005% minocycline supplementation on MPTP Jastrzebska et al., 1999). A lower dose of MPTP (4X 5
toxicity. Mice were fed control, minocycline (mino)-containing, 2% mg/kg, i.p.) was administered due to the age-dependency of
creatine (crt)-containing, or minocycline and creatine (crt+mino)- MPTP toxicity in older mice (Sonsalla et al., 1992). In
containing mouse feed for 2 weeks before MPTP administration. Data agreement with our studies in young animals, a significant
are expressed as the mean ± SEM of 10 mice per group. Minocycline exacerbation in striatal DA depletion and decreased TH
supplementation did not have any effect whereas creatine supplemen- activity was measured in minocycline-treated MPTP mice
tation reversed the effects of MPTP toxicity as compared to MPTP- (see Table I). The MPTP treatment induced robust micro-
treated mice on control diet. The mixed diet produced the same level
of DA depletion as MPTP-treated mice on control diet, suggesting glial activation in the SNpc and substantia nigra pars reticulata
minocycline reversed the creatine effect. *Significantly different from (SNpr) of these animals, whereas the microglial staining pat-
PBS-treated animals, P < 0.05; **Significantly different from MPTP- tern was less much intense in mice treated with minocycline
treated animals, P < 0.05; #Significantly different from CRT + and MPTP (Fig. 1), consistent with previous reports showing
MPTP-treated animals, P < 0.05. inhibition of microglial activation via minocycline (Yrjan-

heikki et al., 1998, 1999; Chen et al., 2000; He et al., 2001;
Tikka et al., 2001; Wu et al., 2002).

intraperitoneal dosing paradigm for minocycline shown pre- It is clear from our studies that minocycline is not
viously to be neuroprotective (Yrjanheikki et al., 1998, neuroprotective with the present dosing regimens of
1999), we observed a significant reduction (P < 0.05) in MPTP. Indeed, a range of doses of minocycine, as well as
striatal DA levels and TH activities in young (2-3 month) different routes of administration, all produced a consistent
mice treated with MPTP and minocycline, as compared to potentiation of MPTP-induced striatal damage. It is im-
mice treated with MPTP alone, for all doses of MPTP tested portant to note that neither systemic minocycline alone
(Table I). Minocycline alone did not have any effect on nor minocycline via oral administration had any effect on
striatal DA levels or TH activity 7 days after administration, basal striatal DA levels (Table I). In MPTP-treated mice

Striatal MPP+ levels measured 2 hr after the last (4X 10 mg/kg) fed mouse chow containing 0.005% mi-
MPTP injection (4 X 10 mg/kg) in young mice were not nocycline, striatal DA levels were similar to MPTP-treated
different in animals treated with MPTP alone, or MPTP mice fed control diet (Fig. 2). Further, no apparent weight
and minocycline (686 ± 149 and 675 ± 111 ng/mg reduction was observed in the minocycline-fed mice (data
protein, respectively; P > 0.05). Of note, a significant not shown). Given the marked exacerbation of MPTP
reduction in body weight (from 25.7 ± 0.1 to 24.3 ± toxicity after intraperitoneal minocycline administration,
0.1 g; P < 0.001) was observed in minocycline-treated these results suggest that the minocycline dose in the diet
mice after pretreatment; this reduction was not observed may be too low to exacerbate MPTP toxicity. Dietary
in PBS-injected control mice in this same period. After supplementation of 0.005% minocycline, however, re-
MPTP injections, both minocycline-injected mice and versed the neuroprotective effects of 2% creatine (Mat-
PBS-treated controls showed similar weight losses (24.3 ± thews et al., 1999), suggesting that this dose of minocy-
0.1 to 23.0 ± 0.2 g, P < 0.01; and 25.8 ± 0.2 to 24.5 ± cline had a deleterious effect (Fig. 2).
0.3 g, P < 0.01, respectively). Further, there was an We also examined the effects of tetracycline and
accompanying 10% loss of TH-immunopositive cell bod- doxycycline against MPTP toxicity in young mice. Con-
ies in the substantia nigra pars compacta (SNpc) in MPTP- sistent with our findings with minocycine, combined
treated mice (4 X 10 mg/kg; Table II). This loss of TH- treatments of doxycycline with MPTP or tetracycline with
immunopositive neurons was exacerbated significantly MPTP produced greater reductions in striatal DA levels
(-65%) in mice co-treated with minocycline (Table II). (Table III) as compared to mice treated with MPTP alone
We stained serial sections with cresyl violet to determine (4X 10 mg/kg). The results with tetracycline were unex-
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TABLE III. Minocycline, Doxycycline, and Tetracycline in the Presence and Absence of MPTP in
Two- to Three-Month-Old C57BL Micet

Striatal DA Striatal TH activity
Treatment n (ng/mg protein) (nmol/g/hr)

PBS 9 123 ± 5.5 534 ± 31
Minocycline alone (2 X 45 mg/kg, ip) 5 132 ± 3.3 588 ± 68
Doxycycline alone (2 X 45 mg/kg, ip) 5 131 ± 11 590 ± 20
Tetracycline alone (2 X 45 mg/kg, ip) 5 140 ± 5.6 634 ± 38
MPTP alone (4 X 10 mg/kg) 20 73 ± 8.1* 268 ± 17*
Minocycline + MPTP 11 38 ± 7.2** 130 ± 18**
Doxycycline + MPTP 10 32 ± 4.8** 194 ± 15"*
Tetracycline + MPTP 11 43 ± 8.7** 135 ± 20**
tData expressed as mean ± SEM. DA, dopamine; TH, tyrosine hydroxylase.
*Significantly different from PBS-treated controls (P < 0.05).
**Significantly different from MPTP-treated mice (P < 0.05).

A B phetamine (1 and 10 ILM) by 44 and 80%, respectively
500 50 , (data not shown), consistent with a previous study (Del

Zompo et al., 1993), which demonstrates the integrity of
400 40 our vesicular preparations. In these preparations, the ad-

dition of minocycline (0.1, 1, and 10 RM) decreased Vmax
300 30 values for [3H]-DA uptake (Fig. 4) by 23, 30, and 40% (1

and 10 RiM were significant; P < 0.05), respectively,
0compared to vehicle-treated controls. We also found that

S200 20 minocycine significantly inhibited vesicular uptake of

MPP÷. As shown in Table I, the DOPAC/DA ratio was
100 10 increased consistently in mice treated with minocycline

and MPTP, consistent with an effect on VMAT2, because
this increases doparnine in the cytoplasm, allowing more

mino mino tetra tetra to be metabolized to DOPAC.
MPTP MPTP Our studies therefore demonstrate that minocycine

exacerbates MPTP-induced damage to DA neurons by
Fig. 3. Minocycline and tetracycline brain levels before and after interfering acutely with VMAT2 function (i.e., sequestra-
MPTP administration. Data are mean ± SEM. *Significantly different tion of MPP+, DA, or both). It is well established that
from tetracycline alone (P < 0.05). vesicular uptake of MPP+ reduces its toxicity (Liu et al.,

1992; Staal and Sonsalla, 2000). This seems to account for
the resistance of rats to MPTP (Staal et al., 2000). Thus,

pected due to its low brain penetration. We therefore perturbation in intracellular sequestration of MPP+, via
measured brain minocycline and tetracycline levels after pharmacologic or genetic manipulation, results in in-

administration of the compounds both alone and with creased concentrations of free MPP+, resulting in in-
MPTP (15 mg/kg X 4 doses). We found that brain creased mitochondrial accumulation and more extensive
concentrations of minocycline were approximately 10- damage to DA neurons. Further, compromised VMAT2
fold greater than those of tetracycline; however, tetracy- function can lead to increased free DA within the presyn-
cline did accumulate in brain, and levels were almost aptic nerve terminal, which in turn can lead to the for-
doubled after MPTP administration (Fig. 3). mation DA metabolites (increased DOPAC/DA ratios;

The exacerbation of MPTP-induced damage by mi- Table I) as we observed. DA quinones and reactive oxygen
nocycline is strikingly similar to the neurochemical deficits species can modify protein function directly by oxidative
observed by two independent groups in MPTP-treated modifications (Berman and Hastings, 1999; Kristal et al.,
VMAT2 knockout mice (Takahashi et al., 1997; Gainet- 2001). The present data coupled with a recent report
dinov et al., 1998). Furthermore, pharmacologic inhibi- describing the destruction of synaptic vesicles by protofi-
tion of VMAT2 exacerbates MPTP toxicity (German et brillar ct-synuclein (Volles et al., 2001), highlights the
al., 2000). Thus, we investigated whether minocycline had vulnerability of DA neurons to pharmacologic, environ-
a direct effect on VMAT2 function, in particular reducing mental, or genetic insults that affect specific vesicular
the sequestration of DA into vesicles. In vesicular prepa- properties. Furthermore, DA neurons are selectively vul-
rations from C57BL/6 mouse striata, we observed Vma× nerable to toxic effects of overexpression of ct-synuclein in
values for [3H]-DA uptake consistent with those reported vitro (Xu et al., 2002).
previously (Del Zompo et al., 1993; Staal and Sonsalla, Previous studies have suggested the suppression of
2000). Moreover, [3H]-DA uptake was blocked by am- microglial activation by minocycline accounts for the ob-
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A A recent study by Du et al. (2001) reported neuropro-
60 tective effects of minocycline in the MPTP-treated mouse

model. In their study, the observed neuroprotection by mi-
50 nocycine was associated with its ability to suppress the

MPTP-induced increases in iNOS and caspase-1 expression
V in the midbrain. They administered minocycline by gavage

S40 in sucrose. Similarly, the recent study of Wu et al. (2002)
showed neuroprotective effects of minocycline against

30 MPTP-induced damage to TH neurons, which was attrib-
uted to inhibition of microglia. In this study, protection was

20 , seen with MPTP administered 4 times at 16 mg/kg but not

0 0.1 1 10 100 at 18 mg/kg. This dosing regimen differed from ours. We
administered minocycline every 12 hr for 3 days starting 1

SB day before the first MPTP dose, whereas they administered
minocycline i.p. starting 30 min. after the first MPTP dose
and then for an additional 4 days. Another group reported
that minocycline blocked the microglial response in the nigra
and did not affect striatal DA depletion induced by MPTPS8 (Ghulamn et al., 2001).

L We observed robust nigral microglial activation after
MPTP administration that was reversed by minocycine,

S4 consistent with previous reports. Nevertheless, relative to
levels in vehicle-treated mice, there was increased striatal
DA depletion in mice treated with minocycine and
MPTP, as compared to MPTP-treated mice. These studies

0 . clearly demonstrate the ability of minocycline to block
0 1 10 50 100 500 inflammatory responses resulting from MPTP treatment,

yet it is perplexing that the results on dopaminergic mark-
Minocycline (pM) ers vary between laboratories. It is possible that differences

in routes of administration, dosing intervals, or drug con-
Fig. 4. Effects of minocyine on [3H]-DA or [3H]-MPP uptake into trations could account for such differences. The
vesicular preparations. Uptake of [HI-DA into vesicles isolated from centr a dh account for suc niffere ces T
C57BL/6 mouse striata was inhibited by the addition minocycine (0.1-10 present data show that minocycline significantly exacer-
RM) in a dose-dependent manner as compared to vehicle controls. Data bates MPTP-induced damage to DA neurons and inhibits
are expressed as mean ± SEM of four separate experiments. *Significantly VMAT2 function of striatal vesicles, which is a novel
different from vehicle-containing controls.(P < 0.05). mechanism of action. The results suggest that although

minocycline is a promising neuroprotective agent for the
treatment of neurodegenerative disease, some caution in
its administration may be warranted.

served neuroprotection (Amin et al., 1996; Yrjanheikki et
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